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ABSTRACT

Aerosol organic carbon (OC) was characterized in two eastern United States
watersheds to investigate the potential importance of aerosol OC in watershed OC
budgets arid cycling. Fluxes of 1.7 and 2.1 mg aerosol OC m·2 d- 1 were measured for
aerosol samples in Harcum, VA and Millbrook, NY, respectively. Scaled to the area of
nearby watersheds (York River watershed, VA and Hudson River watershed, NY) these
fluxes are similar in magnitude or greater than the magnitude of riverine OC exported by
corresponding rivers indicating that aerosols must be taken into account when thinking
about biogeochemical exchanges between the atmospheric, terrestrial, and aquatic realms.
Fossilfuel and contemporary biomass emissions are the major sources of aerosol
total OC (TOC) to the eastern United States, and radiocarbon signatures were used to
estimate the relative contributions from these two sources. On average 33% of aerosol
TOC could be attributed to fossil sources throughout the year with mean seasonal fossil
TOC contributions (11% to 57% fossil) revealing significant heterogeneity in the relative
magnitude of anthropogenic fossil and contemporary biomass TOC sources throughout
the year. The 33% fossil aerosol TOC corresponds to a human-derived, 50% increase in
aerosol TOC delivered to watersheds and aquatic systems above pre-industrial levels.
The effects of such an increase in the delivery of TOC to watersheds are unknown and
warrant further investigation.
Further radiocarbon analyses on aerosol TOC sub-fractions showed the watersoluble component of aerosol OC (WSOC) to contain significantly more contemporaryaged OC than either bulk aerosol OC or its water-insoluble components. These
differences represent a fundamental partitioning in the solubility of fossil and
contemporary-derived aerosol OC, and its potential post-depositional fate in watersheds
and soils. Fossil OC remains in the less bioavailable particulate phase and its transport is
dependent on the erodibility of particles.
Molecular characterization of WSOC revealed it to be a highly complex mixture
of thousands of compounds including organosulfur compounds not previously recognized
to be quantitatively important in the atmosphere. Several elemental formulas consistent
with previously identified secondary organic aerosol compounds were present in high
abundance providing evidence for the importance of the production of aerosol WSOC via
atmospheric processing. Black carbon was present at levels within WSOC that could not
explain the 12-14% fossil contributions to WSOC observed in radiocarbon analyses
suggesting that some other water-soluble compounds must account for the fossil OC.
Collectively, the characterization of the amounts and isotopic and molecular
characteristics of aerosol OC presented here provide a foundation on which future studies
of the inputs and fates of aerosol OC within watersheds and aquatic systems may be
based. Significant quantities ofboth fossil and contemporary-derived OC are delivered
to watersheds representing a potentially important allochthonous source of OC to aquatic
systems that should be considered in future studies.
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CHAPTER!

INTRODUCTION

2
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The current era in Earth's history has been referred to as the Anthropocene due to
the disproportionately large impact human actions have on the Earth's environments
(e.g., Crutzen, 2002; Meybeck, 2004). The biogeochemical cycling and budgets of
carbon in the atmospheric, terrestrial, and aquatic realms have been altered significantly,
and perhaps irrevocably, through such human activities as land-use, resource extraction,
and fossil fuel combustion. Changes in carbon cycling between the atmospheric,
terrestrial, and aquatic realms are also important in the context of the climate system
because of the role of carbon dioxide as a radiatively important trace gas (IPCC 2007).
On a regional scale, human disruptions to carbon biogeochemical cycling are important
because of the potential roles of allochthonous organic carbon (OC) in determining the
net trophic status of aquatic systems (e.g., Smith and Hollibaugh, 1993; Cole and Caraco,
2001 ). As a result, a quantitative knowledge of carbon sources, sinks, and exchanges
between these realms is fundamental to our understanding of regional and global
biogeochemical processes. Information on the sources and fates of anthropogenicallyderived carbon in its different forms (i.e., aside from C02) is also vital for discerning how
human activities impact the biogeochemical exchanges between the atmospheric,
terrestrial, and aquatic realms.
The relative importance of allochthonous and autochthonous OC in aquatic
systems (e.g., rivers, estuaries, coastal ocean) has long been a topic of interest to
biogeochemists and food web ecologists (e.g., Fisher and Likens, 1972; Smith and
Hollibaugh, 1993; Cole and Caraco, 2001). Allochthonous OC has been found to
support significant fractions ofbacterial production (Kritzberg et al., 2004) and can thus
contribute to the net heterotrophic status in some water bodies. Similarly, allochthonous
3
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OC has been shown to fuel secondary production in aquatic systems (e.g., Carpenter et
al., 2005; Cole et al., 2006). Atmospheric sources ofOC represent an important potential
source of allochthonous OC to both terrestrial and aquatic systems, yet have thus far been
inadequately studied and incorporated into conceptual and quantitative models of
terrestrial and aquatic carbon and OC biogeochemistry. Emissions-based estimates
suggest that 0.03-0.09 Gt OC (Koch, 2001; Bond et al., 2004) are deposited from
atmospheric sources to terrestrial and aquatic systems annually. This quantity ofOC may
help fuel bacterial secondary production in certain systems.
An estimated 8.4 Gt C are currently released to the global atmosphere as C02 via
fossil fuel combustion each year (Canadell et al., 2007). The United States Environmental
Protection Agency (2004) estimates that -1% of fossil fuel OC (-0.084 Gt OC) is not
fully combusted to C02, but is instead released to the atmosphere as OC byproducts
(USEPA 2004), including various hydrocarbons (e.g., polycyclic aromatic hydrocarbons,
n-alkanes, n-alkanoic acids, benzoic acids, and other compounds; e.g., Rogge et al. 1993;
Bond et al., 2006). These fossil fuel-derived combustion byproducts constitute a
potential OC input not only to the atmosphere, but also to terrestrial and aquatic systems
following atmospheric deposition.

Aerosols and Aerosol Organic Matter
Aerosols are atmospheric particles ranging in diameter from less than 1 Jlm to
100' s of Jlm consisting mainly of carbonaceous material, inorganic salts and mineral dust
(Wameck, 1988; Jacobson et al., 2000). Natural and anthropogenically-derived aerosols
are important agents in the climate system that act to alter the radiative heat balance by
reducing outgoing terrestriallongwave radiation and by scattering and/or absorbing

4
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incoming solar radiation (e.g., Ramanathan et al., 2001; Satheesh and Moorthy, 2005;
Highwood and Kinnersley, 2006; Myhre, 2009). In addition to climatic effects, aerosols
have been shown to impact visibility (e.g., Charlson, 1969; Jacobson et al., 2000), human
(e.g., Davidson et al., 2005; Highwood and Kinnersley, 2006; Pope et al., 2009) and
ecosystem health (e.g., Likens and Bormann, 1974; Dickhut et al., 2000; Driscoll et al.,
2001 and references therein; Galiulin et al., 2002; Jurado et al., 2004), and the
biogeochemical cycling of organic and inorganic materials between the atmosphere, land,
and aquatic systems (e.g., Likens et al., 1983; Jacobson et al., 2000; Jurado et al., 2008).
Aerosol total organic carbon (TOC) is composed of OC and black carbon (BC)
and is a major component of aerosols having been found to comprise as much as 10-30%
of aerosol mass (e.g., Wolff et al., 1986; Jacobson et al., 2000; Tanner et al., 2004; Liu et
al., 2005). BC, the highly condensed carbonaceous byproduct of biomass and fossil fuel
combustion (Goldberg, 1985; Novakov et al., 2005), is of great contemporary interest due
to its role in absorbing solar radiation thereby acting to warm the climate (e.g., Bond et
al., 2004; Novakov et al., 2005; Myhre et al., 2009). As a result, BC and OC are often
quantified separately in studies of atmospheric TOC. Concentrations of OC in the
atmosphere have been found to range from ~ 1-10 Jlg C m- 3 at rural and background sites
(e.g., Wolff et al., 1986; Maim et al., 1994; Sunder Raman et al., 2008), and up to several
tens of Jlg C m-3 in highly urbanized areas (e.g., Wolff et al., 1982; Novakov et al., 2005
and references therein). BC is present in the atmosphere at much smaller concentrations
(<1 Jlg C m-3 in rural areas; Novakov et al., 2005 and references therein; Zencak et al.,
2007; Gustafsson et al., 2009) than OC and is important in the context of carbon

5
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biogeochemical cycling as it represents a highly recalcitrant potential carbon sink
(Goldberg, 1985).
Major aerosol TOC sources include both contemporary biogenic (e.g., natural
vegetative emissions, biomass burning) and anthropogenically-derived fossil fuel (e.g.,
burning of coal, gas, oil) sources (e.g., Jacobson et al., 2000; Lewis et al., 2004).
Because fossil fuels were formed over the last several hundred million years and
radiocarbon
14

eC) has a characteristic half-life of 5, 730 years, fossil fuel oc is devoid of
4

C (e.g., Clayton et al., 1955; Hildemann et al., 1994; Currie et al., 1997). As a result,
14

/1 C signatures of atmospheric OC have been used to estimate fossil fuel-derived

contributions to aerosols and have found them to account for between 0 and 80% ofthe
total OC (e.g., Hildemann et al., 1994; Klinedinst and Currie, 1999; Bench 2004; Zheng
et al., 2006; Ding et al., 2008). Collectively, these studies suggest a significant
anthropogenically-derived source for aerosol OC that was not present in the pre-industrial
atmosphere that may have unknown impacts on the biogeochemical cycling of OC
between the atmospheric, terrestrial, and aquatic realms.
Aerosol OC may be delivered to water bodies via direct deposition or by postdepositional transport through watersheds. Deposition of aerosols to watersheds and
water bodies may occur via either wet or dry deposition. Aerosol particles may be
scavenged in fog, raindrops, or snowflakes, for example, and carried to the earth's
surface as 'wet' deposition. Aerosols may also sediment directly out of the air and be
dry-deposited (Wesely and Hicks, 2000; Baumgardner Jr., et al., 2002; Krupa, 2002;
Peters et al., 2002). The relative magnitudes of these two fluxes will vary depending on
the climatic regime of a given region (Baumgardner et al., 2002; Peters et al., 2002).

6

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

That is, in areas of higher rainfall, wet deposition is likely to dominate, while in drier
regions, dry deposition is more likely to represent the greater aerosol flux. Aerosol OC
total (wet+ dry) depositions of 1.4-2.4 g C m·2 yr" 1 (Likens et al., 1983) and 11.31 g C
m·2 yr" 1 (Velinsky et al., 1986) have been measured at sites in the northeastern and MidAtlantic regions of the United States, respectively. Quantitative estimates of fossil and
contemporary OC depositions to watersheds are needed to understand the potential for
transfers of anthropogenic OC from the atmosphere to water bodies. However, to my
knowledge no study has previously partitioned aerosol OC deposition into fossil and
contemporary components.

Water Soluble Organic Carbon from Aerosols
The water-soluble component of aerosol OC (WSOC) may partition into rainfall
in the atmosphere or be incorporated with rain and other surface waters postdepositionally. WSOC is therefore hypothesized to be a relatively mobile form of aerosol
OC. As a result, WSOC may be efficiently transferred to rivers and estuaries on
timescales relevant to carbon and OC biogeochemical cycling. To date, studies of the
WSOC component of aerosol OC have primarily examined its quantities (e.g., Zappoli et
al., 1999; Ruellen and Cachier, 2001; Yang et al., 2004; Ding et al., 2008) and general
molecular characteristics (e.g., Mayol-Bracero et al., 2002; Xiao and Liu, 2004; Yu et al.,
2005; Wang et al., 2006). The extent to which aerosol OC is transported through
watersheds and made available to microbial and higher food webs depends in part on its
rates of desorption into the WSOC pool. While WSOC has been shown to comprise
significant amounts ofthe total aerosol OC- as much as 10 to 70% (e.g., Zappoli et al.,

7
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1999; Ruellen and Cachier, 2001; Yang et al., 2004; Ding et al., 2008)- as yet no studies
have examined the kinetics of WSOC desorption from aerosols.
Studies characterizing the chemical composition of WSOC have found a
dominance of acidic species such as mono- and di-carboxylic acids, followed in
importance by neutral compounds such as sugars (e.g., Decesari et al., 2000; MayolBracero et al., 2002; Duarte et al., 2005; Sannigrahi et al., 2006; Wang et al., 2006). The
highly acidic nature of WSOC has been attributed to the presence of secondary organic
aerosols (SO As), the oxidation products of naturally and anthropogenically-emitted
volatile organic compounds (VOCs) reacting in the presence of atmospheric oxidants
(e.g., NOx, 03) (Jang and Kamens et al., 2001; Gao et al., 2004; Jaoui et al., 2005;
Kanakidou et al., 2005). Recent technological advances have enabled the determination
of thousands of elemental formulas representing thousands of compounds in atmospheric
organic matter such as rainwater DOC (Altieri et al., 2009) and aerosol WSOC
(Reemtsma et al., 2006). Detailed molecular characterization of aerosol WSOC over
relevant spatial and temporal scales will allow for an improved understanding of the
types of compounds prevalent in aerosol WSOC and provide a basis for understanding
the fate of aerosol

wsoc within terrestrial and aquatic environments.

While anthropogenic SOAs have been identified in laboratory (Forstner et al.,
1997; Odum et al., 1997; Jang and Kamens, 2001) aerosol studies, there is little
information regarding the relative contributions of fossil and contemporary OC to aerosol
WSOC. In what is to my knowledge the only study so far to measure radiocarbon
signatures in aerosol WSOC, fossil sources accounted for up to 30% of WSOC in
Atlanta, GA (Weber et al., 2007). Meanwhile, another study measured the radiocarbon

8
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signatures of total and water insoluble organic carbon and used these measurements to
calculate that 6-24% ofWSOC was fossil-derived (Szidat et al., 2004). Thus, some
portion of WSOC appears to be fossil-derived, providing a plausible mechanism for the
rapid transport of anthropogenic OC from the atmosphere through terrestrial and aquatic
systems. However, a more thorough examination of spatial and temporal patterns of fossil
contributions to WSOC is warranted.

Potential Significance ofAtmospheric OC Inputs to Watersheds
· Natural carbon isotopic measurements (l1 14C and o13 C) have shown dissolved and
particulate organic carbon (DOC and POC) in rivers, estuaries and coastal waters to be
highly aged and derived from terrestrial sources (Kao and Liu, 1996; Cole and Caraco, ·
2001; Raymond and Bauer, 2001; Masiello and Druffel, 2001; Blair et al., 2003; Gordon
and Gofii, 2003; Raymond et al., 2004; Guo et al., 2004; Gofii et al., 2005) suggesting
significant contributions of ancient or fossil OC complementing contemporary DOC and
POC from terrestrial biomass and from within coastal waters themselves (Bauer et al.,
2001; 2002). The incorporation of kerogen C into sediment POC, (small mountainous
river systems with high sediment loads; Kao and Liu, 1996; Masiello and Druffel, 2001;
Blair et al., 2003; Leithold et al. 2006), OC freed via permafrost thawing coupled with
increased river runoff and accelerated coastal erosion (Arctic rivers; Guo et al., 2004;
Gofii et al., 2004), and soil-derived OC (Gulf of Mexico; Gofii et al., 1998; Gordon and
Gofii, 2003) have all been implicated as potential sources for aged OC in aquatic systems.
For rivers in the northeast United States, Raymond and Bauer (2001) suggested that aged
OC must be derived from the mobilization and transfer of aged terrestrial OC. However,
fossil fuel-derived OC mobilized by anthropogenic activities and transported
9
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atmospherically represents another potential, but poorly evaluated, source of highly aged
OC to watersheds and rivers that may ultimately be exported to the coastal ocean
especially in highly populated regions such as the northeast United States (National
Research Council2003).
The estimated 0.084 Gt offossil fuel-derived OC combustion byproducts is of a
magnitude equivalent to 10-20% of the -0.4-0.8 Gt of total OC (Richey, 2004), or nearly
60% ofthe -0.15 Gt POC, exported globally by rivers to the coastal ocean on an annual
basis (Figure 1-1 ), and may represent a significant source of atmospherically deposited
material to watersheds and aquatic systems. Furthermore, the potential "fossilatmospheric" contribution is expected to be much greater than 15% in regions of greater
industrial development and population density such as the northeast U.S. (NRC 2003;
Gurney et al., 2009). In fact, estimated fossil OC emissions actually exceed significantly
river OC export in various watersheds ofthe United States (Figure 1-2). Consequently,
such first-order assessments suggest that atmospheric deposition of fossil-derived OC
may be a significant source of aged OC found in northeastern US rivers (Cole and
Caraco, 2001; Raymond and Bauer, 2001; Raymond and Hopkinson, 2003; Raymond et
al., 2004), as well as other rivers and river basins globally.
Goals and Objectives of the Present Study

The overall goals and objectives of this study were to characterize aerosol OC
deposited to two watersheds (Figure 1-3) ofthe eastern United States in an effort to
understand the potential significance of aerosol OC to watersheds and aquatic OC
budgets. The objectives of each individual chapter are explained in tum below.
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Chapter 1. Obtain quantitative seasonally-averaged estimates for the concentrations
and depositional fluxes of fossil and contemporary-derived OC. Aerosol OC, BC,
and particulate nitrogen concentrations were measured for samples collected from
Millbrook, NY and Harcum, VA in 2006-2007 to obtain a seasonal representation of their
atmospheric concentrations. Radiocarbon measurements were also obtained for a subset
of these samples to provide estimates for the relative contributions from fossil and
contemporary TOC sources. Total (wet+ dry) fossil and contemporary-derived aerosol
TOC depositional fluxes were then calculated using mean TOC concentrations and
radiocarbon values in order to quantify their potential inputs to watersheds and aquatic
systems.

Chapter 2: Assess the contributions of different operationally defined compound
goups to the fossil and contemporary character of aerosol TOC. Radiocarbon
measurements were performed on aerosol TOC, WSOC, total solvent extract
(dichloromethane:methanol, 9:1) OC and its aliphatic, aromatic, and polar components to
estimate fossil and contemporary contributions to each of these OC sub-fractions. These
measurements provided a more detailed understanding of inherent differences between
contemporary and fossil-derived OC and the types of compounds that make up these
pools.

Chapter 3: Quantify the amounts and desorption kinetics of aerosol WSOC, and
measure its fossil and contemporary character relative to aerosol TOC. Aerosol
WSOC was measured for samples collected in 2006-2007 from Millbrook, NY and
11

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Harcum, VA to determine how much of the aerosol TOC is soluble, and potentially
mobile. Desorption kinetics experiments were performed to evaluate the timescales over
which WSOC is released from aerosols, and whether these are relevant to the timescales
of biogeochemical processes within watersheds. Radiocarbon measurements were also
performed on WSOC to estimate how much ofthis material is derived from fossil
sources. These measurements further our understanding of the potential inputs of aerosol
OC and specifically, anthropogenically-derived fossil OCto aquatic systems.

Chapter 4: Evaluate the application of electrospray ionization Fourier transform
ion cyclotron mass spectrometry (ESI FT-ICR MS) for the ultrahigh-resolution
molecular characterization of aerosol WSOC. Methods were developed using a subset
of samples for the analysis of aerosol WSOC by ESl FT-ICR MS. Elemental formulas
were assigned to the thousands of peaks present in the mass spectra using only carbon,
hydrogen, oxygen, nitrogen, and

s~lfur

as potential constituents by developing a

MATLAB program to cull out elemental formulas not expected to be observed in nature.
The elemental formulas were further analyzed to assess the contributions to WSOC from
BC and SOA.

Chapter 5: Obtain ultra-high resolution molecular characterization of aerosol
WSOC by ESI FT-ICR for samples collected in each season to examine temporal
trends in molecular characteristics. Aerosol WSOC samples collected in spring,
summer, fall, and winter of 2006-2007 from Millbrook, NY and Harcum, VA and
analyzed by ESI FT-ICR MS to determine the temporal and spatial variability in its
12
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molecular characteristics. Elemental formulas were grouped by their elemental
constituents (e.g., CHO, CHON, CHOS, CHONS, P-containing) to determine their
relative abundance within WSOC. Contributions from elemental formulas consistent
with BC and SOA compounds were again examined providing insight into their ubiquity
in the eastern United States atmosphere.
Collectively, these chapters provide a basis for understanding potential inputs
from aerosol OC to watersheds and aquatic systems, and the chemical and isotopic
character of this aerosol OC. The information thus provided contributes to our basic
understanding of exchanges of OC between the atmosphere, terrestrial, and aquatic
realms. In addition, estimates of potential anthropogenic inputs of OC are obtained,
allowing for an improved understanding of human impacts on biogeochemical cycles at
the watershed scale.
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Figure 1-1. The processes ofwet and dry deposition of aerosols and aerosol OC.
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Figure 1-2. Estimated emissions of fossil OC in watersheds vs. OC export for several
rivers in the United States. Fossil fuel consumption is estimated as that for the major
state(s) in each watershed (USEPA, 2004; www.eia.doe.gov) multiplied by the fractional
area of state in the watershed. Fossil OC emissions were calculated as 1% of estimated
fossil fuel consumption in the watershed (USEPA, 2004). OC export for the Mississippi
is from Schlesinger and Melack (1981). For all other rivers export was calculated as the
average DOC +POC concentrations from Raymond et al. (2004) multiplied by the
estimated annual discharge (waterdata.usgs.gov/nwis).
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Figure l-3. The a) York (8,470 km2 ) and b) Hudson (33,500 km2) River watersheds and
the Harcum, Virginia and Millbrook, New York sampling sites in the present study.
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CHAPTER2

AMOUNTS AND DEPOSITIONAL FLUXES OF FOSSIL AND CONTEMPORARY
AEROSOL ORGANIC CARBON IN THE EASTERN UNITED STATES

25
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ABSTRACT
In order to assess the contributions of fossil fuel combustion and modem biomass
sources to aerosols along the eastern seaboard of the U.S., aerosol samples were collected
from sites in Harcum, VA and Millbrook, NY throughout 2006-2007. Aerosol total
suspended particulate (TSP), organic carbon (OC), and soot black carbon (BCsoot)
concentrations were higher at the mid-Atlantic Harcum site compared to the northeast
Millbrook site suggesting that air masses from south of the Great Lakes, typical of those
arriving at Harcum, carry more particles, OC and BCsoot than do air masses originating
north of the Great Lakes, which are typical of those arriving at the Millbrook site. OC
represented a fractional contribution of ~0.17 ofTSP at both sites with overall mean OC
concentrations of2.93 and 4.33 J.lg C m·3 at Millbrook and Harcum, respectively. BCsoot
and particulate nitrogen (PN) were minor components of TSP representing fractional
contributions of<0.01 and 0.03 ofTSP, respectively. Isotopic measurements of aerosol
TOC showed (I) 13C values generally between -26 and -24%o, reflective of contributions
from terrestrial C3 plants and/or fossil fuels. Seasonally averaged radiocarbon values
indicated that fossil OC accounted for 11-57% ofTOC, with the highest contributions
occurring during winter (54-57%) at both sites.
Total daily deposition (wet deposition+ dry deposition) of aerosol TOC to
Harcum and Millbrook was 1.69 and 2.05 mg C m·2 d- 1, respectively. Approximately
20% of TOC deposited at Harcum and 34% of TOC deposited to Millbrook was
estimated to be fossil-derived. Wet deposition was the larger mode of deposition at both
sites representing 67 and 74% of total deposition at Harcum and Millbrook, respectively.
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Scaled to the entire nearby York River watershed, annual daily aerosol TOC
deposition fluxes at Harcum were 13.9* 109 g C y{ 1, which is greater than the amount of
OC estimated to be exported by the York River (8.4*109 g C y{ 1). Aerosol TOC fluxes
to the Hudson River watershed were estimated to be 6.8* 10 10 g C yr" 1, a figure similar in
magnitude to the estimated riverine export ofOC from the Hudson River (7.2*10 10 g C
yr- 1). The comparability of the estimated watershed-scale aerosol TOC fluxes to the
riverine OC fluxes in the two study systems underscore the potential importance of
aerosol OC as an important input of OC to terrestrial and aquatic systems.
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INTRODUCTION

Biogenic (e.g., natural plant emissions, biomass burning) and anthropogenic (e.g.,
fossil fuel combustion, biomass burning) sources are estimated to emit 30-90 Tg yr" 1 of
organic carbon (OC; Koch, 2001; Bond et al., 2004) and 8-24 Tg yr- 1 of black carbon
(BC; Penner et al., 1993; Bond et al., 2004) globally to the atmosphere. Much ofthe
work conducted to date on the deposition and cycling of atmospheric carbon has focused
on inputs to oceanic environments (Duce and Duursma, 1977; Zafiriou et al., 1985; Duce
et al., 1991; Willey et al., 2000; Dachs et al., 2005; Jurado et al., 2008), but atmospheric
deposition of OC via wet or dry depositional processes may also be a quantitatively
important flux to other aquatic systems and the continents. For example, annual
rainwater DOC fluxes to the eastern United States have been estimated to range from 1.25.7 g C m-2 yr" 1 (Likens et al., 1983; Velinsky et al., 1986; Willey et al., 2000; Raymond
2005). Velinsky et al. (1986) estimated total (wet+ dry) deposition ofOC to the
Chesapeake Bay drainage basin to be more than double the riverine input to Chesapeake
Bay. Once deposited to continental systems, this atmospheric OC may be subsequently
transported to aquatic systems such as rivers, estuaries, and the coastal ocean.
Fossil fuels including coal, natural gas, and petroleum are highly aged (many
millions of years old) carbon-rich deposits that are mined for energy production and
represent an anthropogenic input of OC to the atmosphere that was not present prior to
the Industrial Revolution. Globally,

~8400

Tg Care released to the present-day

atmosphere via fossil fuel combustion on an annual basis (Canadell et al., 2007).
Approximately 1% of fossil fuel C

(~84

Tg C) is not fully oxidized to C02, but rather is

released as OC byproducts (USEP A, 2004). Among these byproducts are various
28
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hydrocarbons including polycyclic aromatic hydrocarbons (PAHs), n-alkanes, n-alkanoic
acids, benzoic acids, and other compounds (Rogge et al. 1993a,b; 1997; Bond et al.,
2006). This incompletely combusted fossil OC may potentially account for as much as
10-20% ofthe -400-800 Tg oftotal OC (Richey, 2004), or nearly 60% ofthe -150 Tg of
particulate OC (Richey, 2004) exported globally by rivers to the coastal ocean on an
annual basis. Furthermore, the potential "fossil-atmospheric" contribution of OCto
coastal waters may be much more than 10-20% in regions of greater industrial
development and population density such as the northeastern U.S. (NRC, 2003).
In areas of high population density such as the Atlantic coast ofNorth America,
anthropogenically-derived aerosols from fossil fuel combustion can represent a
significant portion of atmospheric OC (e.g., Tanner et al., 2004), and therefore, a
significant input to watersheds and coastal aquatic systems. Natural abundance
radiocarbon ( 14C) measurements reveal that fossil OC can account for up to 80% (e.g.,
Hildemann et al., 1994; Klinedinst and Currie, 1999; Bench 2004; Zheng et al., 2006;
Ding et al., 2008) of aerosol OC depending on location. Recent studies of rainwater in
coastal systems have also used radiocarbon analyses to determine that 14% (Avery et al.,
2006) to 26% (Raymond, 2005) of rainwater DOC is fossil derived. These studies have
provided new insights into the sources of contemporary and fossil-derived aerosol OC in
specific regions during various times of the year, but have stopped short of providing
quantitative information as to the depositional inputs of contemporary and fossil-derived
OC from the atmosphere to land and aquatic systems on different timeframes. Knowledge
ofthe quantities and fate of this fossil-derived OC is fundamental to understanding how
human activities have altered biogeochemical cycles in terrestrial and aquatic systems.
29
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The goal of the present study was to characterize the quantities, sources (fossil vs.
contemporary), and depositional fluxes to watersheds of the total OC component of
aerosols on the Atlantic coast ofthe United States. Concentrations of aerosol OC were
measured at two sites in the eastern U.S. throughout 2006-2007, and radiocarbon and
stable carbon isotopic analyses were employed to determine the contributions from fossil
and contemporary sources to aerosol OC. Wet and dry depositional fluxes of modern and
contemporary aerosol OC were calculated using mean OC concentrations, and
radiocarbon-based estimates of fossil vs. contemporary contributions to OC. The data
presented here provide an assessment ofthe sources and fluxes of fossil and
contemporary aerosol OC from the atmosphere to watersheds and aquatic systems, and
provide new insights into the cycling ofOC at the atmosphere-land-water interface on the
east coast ofNorth America.

METHODS
Study sites
Two monitoring stations, the Cary Institute of Ecosystem Studies Environmental
Monitoring Station in Millbrook, NY (http://\\ww.ecostudies.org/emp .QUrp.html) and the
National Atmospheric Deposition Program (NADP) site (V A98) in Harcum, VA
(http://nadp.sws.uiuc.edu/sites/siteinfo.asp?net=NTN&id=V A98), were chosen as
representative background sites for aerosol collection in the northeastern U. S. (Figure 21). The Millbrook, NY site is located within the Hudson River watershed, while the
Harcum, VA site is located adjacent to the York River watershed and is part of the
greater Chesapeake Bay watershed. Both sites are located in predominantly forested,
30
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temperate areas along the Atlantic coast of the U. S., a region ofhigh population density
and higher-than-average fossil fuel consumption (National Research Council2003).
Both sampling sites are located in rural environments more than 30 km from major
industrial emission point sources ensuring that aerosol samples were not biased by
proximity to anthropogenic point sources.
Field sampling

Air samples (-0.8 m3 min" 1, -1,150 m3) were collected over a 24-hour period
during 2006-2007 using high-volume total suspended particulate (TSP) air samplers
(Model GS231 0, ThermoAndersen, Smyrna, GA). At Millbrook, daily 24-hour air
samples were collected for five consecutive days in May, August, and December 2006,
and March 2007 (Table 2-1 ). At Harcum, air samples were collected approximately
twice each month from May 2006 until June 2007 (Table 2-1). Samples were grouped
into seasons using the astronomical solstices and equinoxes to denote the beginnings and
ends of seasons. The relevant seasons for this study were as follows: Spring 2006:
3/20/06 to 6/20/06; Summer 2006: 6/21/06 to 9/22/06; Fa112006: 9/23/06 to 12/20/06;
Winter 2006-2007: 12/21106 to 3119/07; Spring 2007: 3/20/07 to 6/20/07; and Summer
2007: 6/21107 to 9/22/07. Samples collected on dates that spanned two seasons were
grouped with the season on the day of the beginning of sampling (i.e. Harcum sample
6/20-21/06 was grouped with the Spring 2006 samples.).
Air was drawn through pre-ashed (3 hrs, 525°C) and pre-weighed high-purity
quartz microfibre filters (20.3 em x 25.4 em, nominal pore size 0.6 J.!m; Whatman type
QM-A) for collection of time-integrated aerosol particulate samples. Following
collection, filters were transferred to pre-ashed aluminum foil pouches and stored in the
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dark in carefully cleaned air-tight polycarbonate desiccators until analysis. The relative
humidity of the desiccators was maintained at .:5 10% at all times in both the field and
back in the lab. Filter blank samples were collected by transporting blank filters to the
field, briefly removing them from their aluminum foil pouches and then placing them
back in the foil pouches. Filter blanks were then stored in air-tight polycarbonate
desiccators identically to aerosol samples.
Bulk aerosol measurements

Desiccated filters were weighed pre- and post-sampling to obtain a measure of
aerosol total suspended particulates (TSP). Aerosol samples and filter blanks were subsampled for OC, total particulate nitrogen (PN), and soot black carbon (BCsoot)
measurements by placing the filters on a pre-ashed sheet of aluminum foil and removing
replicate core plugs using a solvent-cleaned (hexane followed by acetone) 1.90 em
diameter stainless steel cork borer. For OC measurements, aerosol and blank filter plugs
were dried overnight at 60°C, acidified with 1M HCl to remove inorganic carbon species
and again dried overnight at 60° C. Triplicate acidified filter plugs were placed in 5 x 9
mm tin cups and combusted at 850° C in the presence of 0 2. Concentrations of OC and
PN were determined using aCE Elantech Flash EA 1112 elemental analyzer. Sample
response areas were calibrated to a standard curve using sulfanilamide as the standard for
both OC and PN. Average coefficients of variation for triplicate OC and PN
measurements on samples were 0.05 and 0.07, respectively. The mean OC filter blank
(3.31 ± 0.34J!g C, n=9) accounted for an average of 12.4 ± 0.9% of the measured OC and
was subtracted from all sample OC values. Filter blank TN measurements were always
below the detection limit of the instrument (-3.00 11g N).
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BCsoot was quantified by combusting pre-acidified (1 M HCl) triplicate filter core
plug subsamples in a muffle furnace at 375° C in the presence of high purity air for 24 h
(CT0-375 method; Gustafsson et al. 1997). The carbon remaining on the filters after
combustion was assumed to be BCsoot and was measured using an elemental analyzer as
for aerosol TOC above. Two filter core plugs were combined in each tin cup in order to
increase the likelihood of BCsoot detection. Diesel particulate matter from the exhaust of
an industrial forklift (National Institute of Standards and Technology SRM-2975) was
used as a positive BCsoot standard, and its measured value using the CT0-375 method
agreed with published values (SRM 2975 BCsoot= 630 ± 9 mg gdw- 1, n = 6; this study;
SRM-2975 BCsoot = 630-682 mg gdw- 1; Gustafsson et al., 2001; Nguyen et al., 2004;
Elmquist et al., 2006). Mean BCsoot contributions measured in filter blank replicates were
3.76 ± 0.48 (n = 9) Jlg C per replicate (consisting of two core plugs from filter blank
samples) and were subtracted from all sample values. BCsoot measurements below the
upper 99% confidence interval (5.26 Jlg C) of the mean filter blank BCsoot contribution
were considered below the detection limit of the instrument.

Isotopic analyses
For each site, at least two samples from each season were selected for stable
carbon (8 13C) and radiocarbon (~ 14C) isotopic analyses (Table 2-1 ). Between 3 and 29
filter core plugs from a given aerosol sample were placed in pre-ashed Petri dishes and
exposed to fresh fuming HCl for >24 h to remove carbonates. The exact number of plugs
used was determined from TOC [= OC + BCsoot] loadings from elemental analyzer
results, with the goal of combusting enough material to yield~ ~250 Jlg C for~ C
14

analyses. The filter plugs were dried and oxidized by sealed tube combustion with CuO
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and elemental Cu metal at 850° C in pre-ashed 9 mm sealed quartz tubes (Sofer 1980;
Tanner et al. 2004). C02from the oxidized samples was then cryogenically purified and
isolated on a vacuum extraction line. The purified C02 was quantified using a calibrated
Baratron absolute pressure gauge (MKS industries), and collected in 6 mm Pyrex break
seal tubes. Carbon recoveries from the sealed tube combustions ranged in size from 155
to 571 Jlg C. Standard organic compounds (oxalic acid II [OX-II] and acetanilide) having
14
14
13
known isotopic compositions (D. Cox-II = 285%o, o Cox·II = -17.8%o and Do Cacetanilide =

-1000 %o, o13 Cacetanilide = -29.5%o) were processed along with the samples to assess
processing blanks.
The purified C02 from sealed tube combustions of filter core plugs was submitted
to the University of Arizona NSF Accelerator Mass Spectrometry laboratory or the
National Ocean Sciences Accelerator Mass Spectrometry facility (NOSAMS) for isotopic
analysis. A subsample of the C02 was used for o13C analyses by isotope ratio mass
spectrometry (IRMS) using an Optima IRMS at NOSAMS and a dual inlet Fisons
Optima IRMS at the University of Arizona. Sample o 13 C values are reported in standard
delta notation as the per mil (%o) difference from the standard reference material (Peedee
Belemnite, PDB). The average measurement error foro 13C analyses performed at both
NOSAMS and the University of Arizona was± 0.1 %o. The remainder of the C02was
used for radiocarbon (D. 14C) analysis by accelerator mass spectrometry (AMS). D. 14C is a
14
measure ofthe relative abundance of cosmogenically-produced C (half-life= 5,730
14
years) to the more abundant, naturally-occurring stable 12C. D. C measurements were
corrected for isotopic fractionation using measured sample o13C values as defined by
Stuiver and Polach (1977).
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The carbon and isotopic composition of filter blanks were measured by
distributing 76 filter blank core plugs amongst 6 quartz combustion tubes and processing
these as described above. The C02 from the combustion of the blank filters was
combined to amass 78.0 Jlg C for a single &13 C and ~ 14 C analysis. Filter blank core plugs
contributed 1.34 ± 0.15 Jlg C per plug and measured &Be and~ 14C signatures of -33.4%o
and -799%o, respectively. All sample isotopic values were corrected for filter blank
contributions as follows:
Xsample = (Xmeasured - (fblank

* Xblank))/fsample

(Eqn. 1)

where X is oBC or~ 14e, Xsample represents the corrected o 13e or~ 14e value for aerosol
TOe, Xmeasured is the o Be or~ 14C value measured for the sample including any
14

contributions from blank filter material, Xblank is the o 13 e or ~ e value ofthe blank filter
material, fsample is the fraction of the carbon measured for oBe or ~ 14 e analysis that is
contributed by the sample, and fblank is the fraction of the carbon measured foro 13e or
~ 14C analysis that can be attributed to blank filter material. Mean fblank for all samples

measured for isotopic analysis was 0.04, and the highest fblank value was 0.11. ~ e and
14

o 13e analyses of sealed tube combustions of OX-II and acetanilide standards showed
excellent agreement with known values and did not necessitate any additional corrections
of sample values.
Statistical methods and approaches to data analysis
TSP and OC concentrations, oe mass fractions (foe= Oe/TSP) and isotopic
(~ 14e and o 13 e) values were analyzed for seasonal differences within each site by one-

way analysis of variance (ANOVA) using Minitab. When differences were detected by
one-way ANOV A, a Tukey-Kramer post-hoc multiple comparisons test was subsequently
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used to determine which seasons were different from each other. Student's t-tests were
used to examine between-site differences in mean values ofTSP, OC, foe, ~ 14 C and o13C.
These tests were performed on overall means for all samples for which the above .
parameters were measured, as well as to compare mean values for parameters measured
during the same season at the two sites.
Many measured PN and BCsoot concentrations and fractional contributions to TSP
were below the detection limits described above. Because the true PN and BCsoot are
unknown values between zero and the calculated detection limit, these data were treated
differently than the TSP and OC data in order to calculate descriptive statistics (means,
standard errors, and 95% confidence intervals). Mean seasonal PN and BCsoot
concentrations and fPN and fscsoot values were calculated in Minitab using the nonparametric Kaplan-Meier method, which is designed to calculate descriptive statistics
with data that includes values below detection limits (Helsel 2005). Differences in mean
PN and BCsoot concentrations and fPN and fscsoot values were determined to be statistically
significant if95% confidence intervals (Cis) generated by Minitab did not overlap.

RESULTS
Aerosol TSP
Mean aerosol TSP concentrations were significantly higher (p = 0.012, Student's
t-test using log-transformed data) at the Harcum site (mean TSP = 26.6 Jlg m·3, n = 31)
than the Millbrook site (mean TSP = 19.1 Jlg m·3, n = 22; Table 2-2; Figure 2-2). There
were no significant differences (Student's t-test, p > 0.05 in all cases) in mean TSP
concentrations between the sites for any given season (Table 2-2). However, season had
36
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a significant within-site effect (1-way ANOVA, p = 0.023, Tukey-Kramer post hoc
multiple comparisons test,

p < 0.05) on mean TSP concentrations at the Millbrook site

where levels observed in spring 2007 (TSP = 50.1 J..Lg m"3 , n = 2; Table 2-2) were
significantly higher than fall (TSP

= 16.2 J..Lg m·3, n = 5; Table 2-2) and winter (TSP =

14.4flg m· 3, n = 5; Table 2-2). In contrast, season had no significant effect on within-site
TSP concentrations at the Harcum site (1-way ANOVA, p = 0.103).

Aerosol OC
Mean aerosol OC concentrations for all sampling dates were significantly highet
(Student's t-test, p = 0.049) at the Harcum site (4.33 J..Lg C m·3;n = 31) than at the
Millbrook site (2.93 flg C m"3 ; n = 22; Table 2-2, Figure 2-4). Mean aerosol OC
concentrations were also significantly higher at Harcum compared to Millbrook during
both fall (Harcum mean OC = 4.15flg C m·3, n
n

= 7; Millbrook mean OC = 1.59 J..Lg C m·3,

= 5; Student's t-test, p = 0.006, Table 2-2, Figure 2-3) and winter (Harcum mean OC =

2.96 J..Lg C m·3, n = 5; Millbrook mean OC = 1.63 flg C m·3, n = 5; Student's t-test, p =
0.0 16; Table 2-2, Figure 2-4 ). In contrast, no significant between-site differences in
aerosol OC were detected during the spring and summer (Student's t-tests; p > 0.05 in all
cases).
Season had a significant effect (1-way ANOV A, p < 0.001) on the within-site
aerosol OC concentration at Millbrook (Table 2-2), where the highest OC concentrations
observed in spring 2007 (11.8 J..Lg C m·3, n = 2) were significantly higher (1-way
ANOVA, p < 0.001, Tukey-Kramer post hoc multiple comparisons test, p < 0.05) than all
other sampling periods (Table 2-2, Figure 2-3). The lowest observed OC concentrations
at Millbrook occurred in fall (1.59flg C m·3, n

= 5) and winter (1.63 flg C m·3, n = 5)
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when they were significantly lower (1-way ANOV A, Tukey-Kramer post hoc multiple
comparisons test, p < 0.05) than all other sampling periods (Table 2-2, Figure 2-3). At
Harcum, the highest within-site OC concentrations were observed during spring (5.80 J.lg
C m·3, n = 5) and summer 2006 (6.64 J.lg C m-3, n = 5; Table 2-2 and Figure 2-3), and
season also had a significant effect (ANOVA; p = 0.029) on OC concentrations at this
site. The Tukey-Kramer post hoc multiple comparisons test further revealed that the
mean OC concentration during summer 2006 for Harcum (6.64 J.lg C m- 3, n = 5; Table 22) was statistically higher than the winter sampling period (2.96 J.lg C m-3, n = 5; Table 22), but no other statistical differences were detected for this site.
Mean aerosol OC mass fractions (foe= OC/TSP) for all samples were not
significantly different (Student's t-test, p > 0.05) between Millbrook 0.167 ± 0.015 (n =
22) and Harcum 0.169 ± 0.009 (n = 31; Table 2-2; Figure 2-4). However, during fall
2006, aerosol OC comprised a significantly larger (Student's t-test, p < 0.001) fraction of
TSP at Harcum (foe= 0.192, n = 7) compared to Millbrook (foe= 0.100, n = 5; Table 22), while Millbrook, aerosols had a significantly greater foe(= 0.235, n = 2; Student's ttest, p = 0.001).than Harcum aerosols (foe= 0.127, n = 7) during the spring 2007
sampling period (Table 2-2).
Within-site mean foe was highest in spring 2006 (foe= 0.235, n = 5; Table 2-2)
and spring 2007 (foe= 0.235, n = 2; Table 2-2) at Millbrook, and season had a significant
effect (1-way ANOVA, p<0.001, Tukey-Kramer post hoc multiple comparisons test, p <
0.05) on foe, with the fall (foe= 0.190, n = 5; Table 2-2) and winter (foe= 0.150, n = 5;
Table 2-2) sampling periods having significantly lower foe than all other sampling
periods (Table 2-2, Figure 2-4). At Harcum, season again had a significant effect on foe
38
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(Table 2-2; 1-way ANOVA, p = 0.022), with the highest mean foe(= 0.214, n = 5; Table
2-2) observed in summer 2006 and the lowest mean foe(= 0.127, n = 7; Table 2-2) found
in Spring 2007. Only these two sampling periods were statistically different (1-way
ANOV A, Tukey-Kramer post hoc multiple comparisons test, p < 0.05) from one another
(Figure 2-4; Table 2-2).

Aerosol BCsoot
BCsoot concentrations ranged from below the detection limit to 0.876 J.Lg m·3 at
Harcum in spring 2007 (Table 2-2; Figure 2-5). Comparison of95% confidence intervals
around the mean BCsoot concentration for all sampling dates at each site revealed that the
mean BCsoot concentration was significantly higher at Harcum (BCsoot = 0.244 J.Lg m·3,
95% CI: 0.179-0.309 J.Lg m·3, n = 29; Table 2-2) compared to Millbrook (BCsoot = 0.128
J.Lg m·3, 95% CI: 0.107-0.149 J.Lg m·3, n = 22; Table 2-2). During summer and fall2006,
the mean BCsoot concentration was also significantly higher (comparison of 95% Cis) at
Harcum (Table 2-2). Mean BCsoot concentrations were below the detection limit in spring
2006 at Millbrook and summer 2007 at Harcum, and summary statistics could not be
calculated during spring 2007 at Millbrook because only one of two samples had BCsoot
exceeding the detection limit. Seasonal effects were not significant at either site (Table
2-2).
The aerosol mass fraction ofBCsoot (faesoot= BCsootiTSP) was very small at both
sites during all sampling periods ranging from below detection to 0.0253 (Table 2-2;
Figure 2-6). At Harcum, only one sampling date from May through July of 2007
contained measureable BCsoot (June 14-15, 2007; faesoot = 0.00906; Figure 2-6a), and
none of the samples collected at Millbrook during spring 2006 contained measureable
39
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BCsoot (Figure 2-6b). Overall, the Harcum site had significantly greater (Student's t-test,
p = 0.035) aerosol fscsoot (= 0.00761, n = 29; Table 2-2) than the Millbrook site (fscsoot=
0.00434, n = 22; Table 2-2) where BCsoot values were below the detection limit for 14 out
of 22 samples (Figure 2-6b). Mean BCsoot concentrations were significantly greater
(Student's t-tests, p < 0.05) at Harcum compared to Millbrook during spring, summer,
and fall2006 (Table 2-2). Within each site, season did not have a significant effect on
fscsoot (comparison of95% Cis, no significant difference in all cases).

AerosolPN
Aerosol mean PN concentrations at Millbrook ranged from a low of 0.522 p,g N
m-3 (n = 5) during spring 2006 to 1.89 p,g N m-3 (n = 2) in spring 2007 (Table 2-2; Figure
2-7). At Harcum, the lowest mean PN concentrations were observed in spring 2006
(0.611 p,g N m-3 , n = 5; Table 2-2), while the highest mean PN concentrations were in
summer 2007 (1.69J..Lg N m-3, n = 2; Table 2-2). Comparison of95% Cis generated by
the non-parametric Kaplan-Meier method showed no difference between mean PN
concentrations at Harcum (mean PN = 0.915J..Lg N m-3, n = 31; 95% CI

= 0.684 to 1.15 p,g

N m"3 ; Table 2-2; Figure 2-7) and Millbrook (mean PN = 0. 778 J..Lg N m" 3 ; n = 22; 95% CI
=

0.563 to 0.993 J..Lg N m" 3 ; Figure 2-7; Table 2-2). Similarly, comparison of seasonal

95% Cis for mean PN concentrations indicated no between-site differences for a given
season (Table 2-2). At Millbrook, comparison of 95% Cis revealed no differences in
seasonal mean PN concentrations (Table 2-2), while at Harcum the summer 2006 mean
PN (= 1.69J..Lg N m- 3, n = 5; 95% CI

= 0.816 to 2.56J..Lg N m"3 ; Table 2-2) was higher than

for winter 2006-2007 (mean PN = 0.691 p,g N m-3, n = 5; 95% CI

= 0.594 to 0. 788 J..Lg N

m·3 ; Table 2-2).
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Mass fractions of particulate nitrogen (fPN = PN/TSP) ranged from below
detection to -0.07 (Table 2-2; Figure 2-8). The highest fPNvalues for a single sampling
date were observed during the winter sampling season at both sites (Figure 2-8), and the
highest mean frN occurred in winter (mean fPN = 0.0571, n = 5; 95% CI = 0.0456 to
0.0686; Table 2-2) at Millbrook and in fall at Harcum (mean frN = 0.0394, n = 7; 95% CI
=

0.0300 to 0.0488; Table 2-2). In contrast, the lowest mean frN values were observed in

spring 2006 for both sites (Harcum mean fPN

= 0.0182, n = 5; 95% CI = 0.0097 to 0.0273;

Millbrook: mean fPN = 0.0219, n = 5; 95% CI = 0.0145 to 0.0290; Table 2-2).
Comparison of 95% confidence intervals for overall mean fPN values indicates no
significant difference between the two sites (Table 2-2, Figure 2-8). Similarly,
comparison of 95% Cis of mean frN values for each season revealed no differences
between sites (Table 2-2). Comparison of95% Cis offrN values for seasons within
Millbrook showed winter 2006-2007 to have higher frN than spring 2006, fall2006, and
spring 2007 (Table 2-2). Additionally, the frN 95% CI for spring 2006 (Table 2-2)
indicated that mean frN for this season was lower than those for all seasons except
summer 2006 (Table2-2). At Harcum, spring 2006 again showed the lowest mean fPN,
and analysis of 95% Cis showed this season to be lower than all seasons except summer
2006 (Table 2-2).

Aerosol TOC isotopes
The majority of aerosol OC .S 13C values from both sites ranged between -23%o and
-26%o with the exception of one sampling date in June 2006 at Harcum when OC was
relatively enriched in 13 C (.S 13C = -19.5%o). There were no significant differences
(Student's t-test, p > 0.05) in mean 8 13 C values between the two sites (Harcum: 8 13 C =
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-24.5%o; n = 15; Millbrook:

o13C = -25.2%o; n = 13; Table 2-3).

Likewise, no significant

differences (Student's t-test, p > 0.05 in all cases; Table 2-3) were found for mean

o13 C

values between the two sites for any given season. Season did not have a significant
effect (1-way ANOVA, p > 0.05) on mean o13C values at Harcum, but did have a
significant effect (1-way ANOVA, p = 0.026) at Millbrook with mean
spring 2006 (o 13 C
2006 (8 13C

o13C values from

= -25.9%o; n = 3; Table 2-3) being depleted in 13 C relative to both fall

= -24.9%o; n = 3; Table 2-3) and spring 2007 values (8 13 C = -24.8%o; n = 2;

Table 2-3; 1-way ANOVA, Tukey-Kramer post hoc multiple comparisons test, p < 0.05).
Aerosol TOC !). 14C values ranged from a minimum of -643%o in January 2007 to a
maximum of 42%o in June 2007 at Harcum. At Millbrook, the highest and lowest !). 14 C
values were observed in spring 2007 (-27%o) and winter 2007 (-574%o), respectively.
There was no significant difference in mean !). 14C values for all sampling times at the two
sites (Student's t-test; p > 0.05), nor were there any differences in mean !). 14C values
between sites for any given season (Student's t-tests; p > 0.05 in all cases). Season did,
however, have a significant effect on mean !). 14C values at both sites (1-way ANOV As:
Harcum, p = 0.048, Millbrook, p = 0.008).
At Harcum, summer 2007 samples were elevated in !). 14C (mean !). 14C = -62%o; n

= 2; Table 2-3) compared to winter 2006-2007 (mean !). 14C = -503%o; n = 3; Table 2-3),
but no other seasonal differences were found (1-way ANOVA with Tukey-Kramer post

hoc multiple comparisons test, p < 0.05). At Millbrook, winter 2006-2007 samples
(mean !). 14C = -539%o; n = 3; Table 2-3) were depleted in !). 14C relative to spring and fall
2006, and spring 2007 (Table 2-3), but no other seasonal differences were found (1-way
ANOV A with Tukey-Kramer post hoc multiple comparisons test, p > 0.05).
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DISCUSSION

Aerosol TSP, OC, BCsoot and PN distributions
The majority of recent studies of aerosol carbonaceous material provide analyses
of fine particulate matter (particulate matter< 2.5 11m diameter; frequently termed PM2.s)
because it is this fraction of aerosols that is thought to be associated with adverse human
health effects (e.g.; Dan et al. 2004; Jeong et al. 2004; Yin et al. 2005; Pope et al., 2009)
and is regulated under the United States Environmental Protection Agency's national
ambient air quality standards (Ostro and Chestnut, 1998). For studies characterizing
aerosol masses, total mass concentrations in the 2.5-10 11m fraction have been found to be
comparable in magnitude to PM2.s (Wolff et al., 1986; Malm et al., 1994; Cho et al.,
2005; Yin et al., 2005), but as a general rule aerosol PM2.5 OC concentrations tend to be
greater. PM2.s has been measured to be -20-45% OC by mass, while the 2.5-10 11m
aerosol fraction has been measured at 5-25% OC (Cho et al., 2005; Yin et al., 2006;
Herckes et al., 2006). Nonetheless, while PM2.s studies are well-suited for determining
threats to human health, taken alone they underestimate the total OC content of aerosols.
Because the biogeochemical cycling of total OC material between the atmosphere, land,
and surface waters was the focus of the present study, TSP aerosol load, rather than the
PM2.s subfraction, was sampled.

Aerosol TSP. Mean TSP concentrations at the Harcum (overall mean TSP = 26.6
J.Lg m"3) and Millbrook (overall mean TSP = 19.1!lg m·3) (Table 2-1) were higher than
many of the values recently reported for PM2.s at rural sites on the Atlantic coast ofNorth
America (Table 2-4 ), but lower than TSP measured at similar sites in the 1980s (Table 243
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4). Maim et al. (1994) reported aerosol masses for Acadia National Park (11.2 1-1g m-3) in
the northeast United States that were lower than those observed further south in the
Shenandoah and Great Smoky National Parks (17.1 j.lg m-3) over the same time period
(Table 2-4), suggesting that the higher TSP concentrations found at Harcum compared to
Millbrook in this study may be characteristic for rural/background sites in the eastern
United States (Figure 2-2; Table 2-2).
Several studies in the northeast United States have noted higher concentrations of
particles and pollution-associated chemical components in air masses arriving at the
study sites via the west and southwest (i.e., south of the Great Lakes), compared to air
masses arriving from the north and northwest (i.e., north and east of the Great Lakes).
These findings have implicated anthropogenic inputs from the region south of the Great
Lakes as the source for the higher concentrations of aerosol particles (Kelly et al., 1984;
Lewin et al., 1986; Pierson et al., 1989; Keeler et al., 1991; Miller et al., 1993; Lefer and
Talbot 2001). Samples from the Millbrook site frequently received aerosols derived from
air masses from Canada (north and east of the Great Lakes; Appendix 1), and the Harcum
site often received aerosols from air masses south of the Great Lakes region (Appendix
1). Thus, the higher TSP concentrations at the Harcum site may reflect the greater
influence of air masses traveling through regions of greater industrial activity and hence
air pollution within the United States.

Aerosol OC. Aerosol OC concentrations measured at rural or background sites
along the Atlantic coast of North America in previous studies have ranged from 1-10 j.lg
C m-3 (Table 2-4). Higher concentrations were generally associated with TSP samples
collected in the 1980s (Table 2-4) and lower OC concentrations were associated with
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recent PM2.s studies (Table 2-4). With the exception of the Spring 2007 at Millbrook,
seasonal and overall mean OC concentrations measured at Harcum and Millbrook fall
within this range (Table 2-2; Figure 2-3). The elevated OC concentrations during the
Spring 2007 sampling period at Millbrook may have resulted from this sampling period
covering two sampling dates, one of which captured high amounts of pollen, which may
be responsible for the high TSP and OC concentrations (Figures 2-2a and 2-3a).
PM2.s measurements made by the Interagency Monitoring of Protected Visual
Environments (IMPROVE) network have shown elevated mean annual OC
concentrations (Malm et al., 1994; Malm et al., 2004) in the Mid-Atlantic region of the
United States where the Harcum site is situated. Results from the present study similarly
showed Harcum to have significantly higher OC concentrations (overall mean OC = 4.33
~g m·3 , n = 31; Table 2-2) than Millbrook (overall mean OC = 2.93 ~g m· , n = 22; Table
3

2-2),. Malm et al. (2004) postulated that the higher OC concentrations observed along
the southeastern Atlantic coast of North America resulted from higher emissions of
biogenic volatile organic compounds, precursors of secondary organic aerosols (SO As),
and/or higher rates of forest fires compared to northern areas. Alternatively, the higher
OC concentrations at Harcum may reflect the transport of: fossil fuel-derived primary
aerosols and/or fossil fuel-associated SOAs from polluted midwestern regions of United
States to the mid-Atlantic and southeast.
Overall mean aerosol foe values were similar at both sites (Table 2-2) suggesting
that between-site differences in overall mean OC concentrations (Table 2-2) were due to
differences in TSP concentrations (Harcum overall mean TSP = 26.6 ~g m· 3, n = 31;
Millbrook overall mean TSP = 19.1 ~g m"3; n = 22; Table 2-2). At Millbrook,

45

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

significantly lower fall (mean OC = 1.59 J..Lg m-3,

n = 5; Table 2-2) and winter (mean

OC = 1.63 J..Lg m-3, n = 5; Table 2-2) OC concentrations are explained by the significantly
lower fall (mean foe= 0.100, n = 5; Table 2-2) and winter (mean foe= 0.113, n = 5;
Table 2-2) mean foe values compared to spring (2006 mean foe= 0.235, n = 5; 2007
mean foe = 0.235, n = 2; Table 2-2) and summer (mean foe = 0.190, n = 5; Table 2-2)
values. This seasonal pattern of lower mean foe values during fall and winter was not
observed at Harcum, suggesting that the fall and winter air masses delivering aerosols to
the northern Millbrook site are different.
Aerosol BCsoot. In addition to its well-established impacts on climate (e.g., Bond
et al., 2004; Novakov et al., 2005; Myhre et al., 2009), black carbon (BC) also represents
a highly recalcitrant form of carbon (Goldberg, 1985) transported via the atmosphere to
terrestrial and aquatic systems. Between 8 and 24 Tg yr- 1 of BC (Penner et al., 1993;
Bond et al., 2004) are estimated to be emitted to the atmosphere globally, and fluxes of
this magnitude should be taken into account in biogeochemical models. Given this
potential biogeochemical importance, the use of comparable BC measurement methods
between different studies is important for comparing BC budgets and cycling between
different environments. The BCsoot method (CT0-375) used in this study is commonly
utilized in biogeochemical studies of soils, sediments, and aquatic particles (e.g.; Schmidt
et al., 2001; Mitra et al., 2002; Dickens et al., 2004; Louchouarn et al., 2007) and while it
has been used less frequently in aerosol studies, it has been increasingly employed in
recent years (Eglinton et al., 2002; Zencak et al., 2007; Gustafssson et al., 2009).
In a recent interlaboratory BC methods comparison using reference materials
(including urban dust particles [SRM-1649a], marine sediment [SRM-1941b], riverine
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dissolved organic matter, Green River shale, melanoidin, coals, chars, soots, and soils)
the CT0-375 method consistently measured the lowest concentrations ofBC in reference
materials and was far less prone to measuring positive artifacts than thermal-optical
techniques typically used for measuring elemental carbon (EC) in aerosols (Hammes et
al., 2007). The CT0-375 method is thought to measure only soot and graphitic BC
(BCsoot), the most recalcitrant portion of the total BC, but underestimates less refractory
char BC contributions (Masiello 2004; Hammes et al, 2007). The method may thus be
viewed as a conservative measure ofBC. Studies that have employed both the CT0-375
and thermal optical transmittance EC methods on the same samples have found no clear
conversion factor between the two measurements (Hammes et al., 2007; Zencak et al.,
2007; Gustafsson et al., 2009) making intercomparison of data from the two methods
difficult. Nearly half of the samples analyzed for this study contained levels of BCsoot
below detection using the CT0-375 method thereby limiting the effectiveness of these
measurements and highlighting a drawback of this technique with aerosol samples.
Future work measuring BCsoot should analyze samples with higher aerosol loads to ensure
an accurate depiction of BCsoot levels in the atmosphere.
BC 5001 measured at rural and urban sites in Sweden in2005 showed low levels of
BCsoot in fall (BC 5001 -0.02 Jlg m· 3 ; Zencak et al., 2007), while BCsoot concentrations in
winter monsoon aerosols from south Asia(- 0.17 J.tg m·3; Gustafsson et al., 2009) were
an order of magnitude higher, similar to those found at Harcum (Harcum mean BCsoot =
0.244 Jlg m·3; range= <0.094 to 0.87 J.tg m·3; Table 2-2; Figure 2-6) and Millbrook
(Millbrook mean BCsoot = 0.128 Jlg m·3 ; range= <0.046 to 0.30 J.tg m·3 ; Table 2-2; Figure
2-6). The higher concentrations ofBC5001 observed at Harcum (0.244J.tg m·3 vs. 0.128 Jlg
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m-3; Comparison of95% Cis; Table 2-2) suggest that delivery of soot and graphitic BC is
higher to this site accompanying the observed higher concentrations of TSP and OC
(Table 2-2) and consistent with the potential delivery of fossil fuel-derived primary
aerosols from the midwestern U.S. region south of the Great Lakes. Overall mean fscsoot
values were also higher at Harcum compared to Millbrook (Table 2-2) indicating the
differences in BCsoot concentrations between the two sites were not due solely to
differences in TSP concentrations. Instead, aerosols also have a higher BCsoot loading on
particles at Harcum relative to Millbrook.

PN Atmospherically-derived nitrogen is distributed in both gaseous and
particulate forms as well as inorganic and organic forms, and is deposited via wet and dry
depositional processes, contributing to environmental problems such as acid rain (e.g.,
Likens and Bormann, 1974; Vitousek et al., 1997) and eutrophication of estuarine and
nearshore ecosystems (e.g., Vitousek et al., 1997; Aneja et al., 2001; Paerl et al., 2002).
Aerosol NH4+ is derived largely from agricultural activities such as fertilizer application
and animal husbandry and is present in the form of ammonium sulfates, ammonium
nitrates, and other more complex forms. In contrast, aerosol N03- has a primarily fossil
fuel combustion source and is present as ammonium nitrate (e.g., Aneja et al., 2001; Paerl .
et al., 2002; Holland et al., 2005). Aerosol organic nitrogen compounds include
peroxyacyl nitrate compounds (PANs) produced by photochemical reactions of nonmethane hydrocarbons with predominantly anthropogenic fossil fuel-derived NOx (NO
and N0 2 ; e.g., Singh et al., 1992; Stockwell et al., 1997; Huey, 2007), amino acids from
biogenic sources (e.g., Scheller, 2003; Zhang and Anastasio, 2003), and nitrogen
containing SOAs derived from volatile organic compounds from both biogenic (Alfarra
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et al., 2006) and anthropogenic fossil fuel combustion (Forstner et al., 1997; Jang and
Kamens, 2001; Alfarra et al., 2006) sources. Recent analyses of aerosol nitrogen
constituents collected along the Atlantic coast ofNorth America have shown PN species
decreasing as follows: N~ + > N03- >ON (Luo et al., 2002; Russell et al., 2003)
suggesting that agricultural sources are quantitatively more important than fossil fuel
sources. In the present study, however, only total PN was measured and no attempts
were made to distinguish between the ammonium (N~+), nitrate (N03·), and organic
nitrogen (ON) components (e.g., Paerl et al., 2002; Holland and Carroll, 2003) that
comprise PN.
Mean aerosol PN concentrations from studies conducted along the east coast of
the United States as well as in the United Kingdom (~0.5-2.2 J..lg N m·3; Goulding et al.,
1998; Luo et al., 2002; Russell et al., 2003) have been reported to be lower than those
observed for OC (~1-10 J..lg C m·3; Table 2-5). In the present study, mean PN
concentrations are similarly low relative to OC concentrations and show no significant
between-site or seasonal differences (Table 2-2) indicating that the processes (increased
biogenic SOAs in southeastern USA and/or increased delivery of pollution-derived
aerosols from the midwestern USA) governing the differences observed for TSP and OC
do not result in differences in aerosol PN concentrations.
Overall aerosol fpN mean values and seasonal mean values (Comparison of 95%
Cis; Table 2-2) were also similar between the two sites providing further indications that
the nitrogen loading of aerosol particles is similar at the two sites. Within each site, there
were significant differences in mean seasonal aerosol fPN values (Table 2-2); however, no
statistical differences in mean seasonal PN concentrations within a site were observed
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(comparison of95% Cis; Table 2-2). Therefore, while the contribution of nitrogen to the
TSP changes, the total amounts ofPN do not change suggesting that PN concentrations
are not coupled to TSP concentrations.
Carbon isotopic signatures (t5 13C, A 14C) of aerosol OC
TOC 613C. Aerosol TOC &13C data generally fell within the range of values

attributed to both terrestrial C3 plants and fossil fuels (see e.g., Fry and Sherr, 1984;
Schoell, 1984; Boutton, 1991) suggesting that aerosol TOC is primarily derived from
these two sources, possibly along with isotopically heavier sources such as C4photosynthesizing plants (&Be=~ -15%o to -13; e.g.; Fry and Sherr, 1984; Boutton,
1991) or marine autotrophic production (&Be=~ -21%o to -18; e.g., Fry and Sherr, 1984,
Boutton, 1991) contributing at most relatively small amounts of aerosol OC. The &Be
value for one sample, collected in July 2006 from Harcum, was -19.5%o, suggesting
potentially significant contributions from a mostly marine source or mixed contributions
from C4-photosynthesizing plants and C3 plants and/or fossil fuels to aerosol TOC for this
sampling date. Air mass trajectory analysis for this sampling date (Appendix 1) showed
the air mass delivering aerosols to this site traveled from the north directly down the
Chesapeake Bay mainstem. The Chesapeake Bay mainstem is a mesohaline estuarine
water body containing POC that would represent a mesohaline estuarine source of aerosol
OC with &Be values typically more depleted than -19%o (Chanton and Lewis, 1999;
Coffin and Cifuentes, 1999; Fry 2002; Wozniak et al., 2006) and that would be unable to
account entirely for this enriched &13C signature in July 2006. As a result, the enriched
&13 C signature most likely also contains contributions from an isotopically heavier C4

plant sources or some other unknown 13C-enriched source.
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L1 14C as a measure offossil vs. contemporary aerosol OC sources. Owing to its

geologically ancient time of formation and the characteristic half-life of naturally
occurring radiocarbon ( 14C) of 5, 730 years, fossil fuel-derived OC is devoid of 14C (e.g.,
Clayton et al., 1955; Hildemann et al., 1994; Currie et al., 1997). As a result, a number of
workers have used the /J. 14C signatures of atmospheric OC to estimate fossil fuel-derived
contributions to aerosols (e.g.; Hildemann et al. 1994; Lemire et al., 2002; Bench 2004;
Lewis et al. 2004; Szidat et al., 2004; Tanner et al. 2004; Gustafsson et al., 2009). In the
absence of anthropogenic inputs from fossil fuel combustion, the remaining sources of
atmospheric OC are presumed to be contemporary (i.e., modem or at least relatively
young OC), arising from living plant biomass emissions or the burning of this material.
Both of these sources of aerosol OC would be comparatively modem in age and contain
relatively high levels ofnatural 14C, or, in the case ofthe past 50-60 years, bomb 14C
(Hildemann et al. 1994; Lemire et al., 2002; Bench 2004; Lewis et al. 2004; Szidat et al.,
2004; Tanner et al. 2004).
Surface soils of variable 14C content represent a potential additional source to
aerosol OC. Radiocarbon evidence from surface soils, the fraction most likely to be
resuspended and entrained by air masses and incorporated into aerosol particulate matter,
have shown soil OC from agricultural (Rethemeyer et al., 2005), grassland (Wang et al.,
1996; Rethemeyer et al., 2005), and forest soils (Trumbore, 1993; Wang et al., 1996;
Richter et al., 1999) to be composed of primarily, though not always entirely,
contemporary biogenic material. In contrast, desert soils (Wang et al., 1996) have been
shown to contain OC that is highly aged (~20 kyr) and highly depleted in 14C with respect
to contemporary sources of OC. Significant inputs from pre-aged soil-derived aerosol
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OC could therefore invalidate a contemporary biogenic-fossil fuel two-source model;
however, in a study examining fine particle speciation throughout the United States,
Maim et al. (2004) estimated that just 5-10% offine particulate mass is derived from
soils. Furthermore, the majority of soil types tend to have far lower OC contents
(foe<O.OS; Trumbore, 1993; Li et al., 1994; Stevenson and Cole, 1999; Rethemeyer et al.,
2005) relative to aerosols (foe of ~0.17 for the present study; Table 2-2, Figure 2-4), with
highly aged desert soils showing even lower carbon contents (Wang et al., 1996) than
primarily contemporary-aged prairie (Wang et al., 1996), forest (Trumbore, 1993; Wang
et al., 1996) and agricultural soils (Li et al., 1994; Rethemeyer et al., 2005). Using an
upper estimate of 10% contribution from soil dust to aerosols and a foe equal to 0.05, soil
OC could potentially account for only ~3% of aerosol OC suggesting that the assumption
of a two-source model consisting of contemporary biogenic and fossil fuel-derived OC is
valid.
Using the assumption of negligible soil inputs, it is possible to use a two source
model and aerosol radiocarbon fraction modem (Fm) values to estimate contributions
from fossil and contemporary sources to aerosol OC. Fm values are an alternate way of
expressing ~ 14 C signatures and are calculated as the fraction of"modem" carbon in a
sample where "modem" is defined as 95% of the radiocarbon concentration contained in
the internationally recognized Oxalic I standard in the year 1950 (Olsson 1970). Because
Fm values are normalized to 1950, and because biogenic sources to aerosols are likely to
be derived from newly formed biomass, Fmvalues must be adjusted in order to account
for the percent contribution from fossil and contemporary biogenic sources. For
example, Lewis et al. (2004) assumed that contemporary aerosol OC was likely to be
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derived from carbon fixed from present-day atmospheric C02 rather than biomass fixed
over the potentially decades-long lifespan of a tree, and therefore divided Fm values by a
factor of 1.08, a value corresponding to the Fmvalue of contemporary atmospheric C02 •
This same conversion is applied here following the assumption that biogenic sources to
aerosols will arise primarily from newly formed biomass as opposed to biomass formed
over the lifetime of long-lived vegetation. A two-source model (fossil fuels and
contemporary biomass) may then be used to calculate % fossil and % contemporary
contributions to aerosol OC as follows:
% contemporary OC = lOO*Fmoc/1.08

(Eqn. 2)

% fossil OC = 100 - % contemporary OC

(Eqn. 3)

Using the two-source model, data from the present study indicate that fossil fuelderived sources accounted for an average of more than 30% of aerosol OC at both sites
throughout the year, ranging from just over 10% in spring and summer to 50% or more
during the winter months (Table 2-5), with individual samples showing more extreme
values. The choice of the contemporary end-member is a potential source of error in
determining fossil and contemporary OC contributions. Hsueh et al. (2007) measured
11 14C in com leaves throughout the United States as a proxy for the /1 14C of atmospheric
C02 and found /1 14C signatures as low as -55.2%o (or Fm = 1.06) in regions influenced
more heavily by fossil fuel-derived C02 (e.g., Ohio-Maryland region) The contemporary
end-member for determining contributions of contemporary vs. fossil OC to aerosol OC
may therefore be as low as Fm=l.06. Using this value in Eqn. 2 instead of 1.08 results in
a corresponding increase of up to 2% for contemporary OC contributions. As a result,
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the inherent variability in the fractional contributions estimated here must also include the
uncertainty in this contemporary end-member.
Radiocarbon-based findings from previous studies conducted during various times
of the year in the United States have found that fossil fuel-derived aerosol OC comprised
from 0 to nearly 80% ofthe TOC (e.g., Hildemann et al., 1994; Klinedinst and Currie,
1999; Bench 2004; Tanner et al., 2004; Zheng et al., 2006; Ding et al., 2008). Moreover,
the highest fossil fuel contribution to aerosol OC is more commonly observed at urban
sites (Hildemann et al., 1994; Klinedinst and Currie, 1999; Lemire et al., 2002; Zheng et
al., 2006; Ding et al., 2008), while some of the lowest fossil fuel contributions are
observed at rural and background sites (Bench, 2004; Zheng et al., 2006; Ke et al., 2007).
In a recent study examining PM2 .s collected on the same dates at paired rural and urban
sites, radiocarbon signatures always reflected higher contributions from fossil-derived
carbon at the urban site (Zheng et al., 2006), reflecting the greater influence of point
sources in urban regions. Nonetheless, aerosols collected from rural and background
sites may still be influenced by fossil fuel-derived OC inputs. For example, aerosol OC
collected in the summer of2000 from a background site in Tennessee had radiocarbon
signatures indicating that more than 60% of aerosol OC was fossil-derived (Tanner et al.,
2004). Radiocarbon values observed in the present study demonstrate a relatively high
degree ofheterogeneity in the calculated contributions from fossil sources (11-57%
fossil; Table 2-5). This is similar to the range of values observed for other rural and
background sites (Bench, 2004; Tanner et al., 2004; Zheng et al., 2006; Ke et al., 2007)
and provides further evidence for the significant, yet highly variable, nature of fossil fuel
contributions to aerosol OC.
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Fossil fuel-derived aerosol OC represents a new, manmade input to the
atmosphere resulting in increased aerosol OC concentrations above natural, background
levels. If contemporary OC is assumed to represent the aerosol OC present in 'natural,
background' air, the increase in aerosol OC concentrations can be calculated as follows:
Aerosol OC increase = 100*(% fossil OC/% contemporary OC)

(Eqn. 4)

Radiocarbon-derived % contemporary contributions from the background sites
examined in the present study (43-89% contemporary; Table 2-5) suggest that fossil fuel
inputs represent aerosol OC increases of 12-133% above natural, background (i.e., vs.
pre-industrial activity) levels throughout the year. Given that biomass burning is an
anthropogenic, contemporary source of aerosol OC, these estimates represent
conservatively low estimates for the anthropogenically caused increases in aerosol OC to
the present-day atmosphere and demonstrate how human activities have altered the
characteristics and amounts of atmospherically transported organic matter. These
increases could have major potential implications for the role of aerosol OC within the
environments (i.e. terrestrial and aquatic) to which this OC is deposited.
Mean aerosol OC concentrations (Table 2-2; Figure 2-3) from the Harcum and
Millbrook sites can be partitioned into contributions from fossil and modem OC (Figure
2-1 0) using the seasonally averaged% fossil and % contemporary estimates (Table 2-5).
Despite the differences in % fossil and % contemporary OC contributions throughout the
year (Table 2-5), fossil OC concentrations remained relatively constant at both sites
(Harcum: 0.79-2.09~Lg C m-3 ; Millbrook: 0.49-1.65~Lg C m-3 ; Figure 2-10) while
contemporary-derived OC concentrations fluctuated seasonally (Harcum: 1.46-5.46 11g C
m- 3 ; Millbrook: 0.79-10.5~Lg C m-3 ; Figure 2-10). Thus, it is apparent that the changes in
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aerosol OC concentrations and in the relative contributions of fossil OC to the total
aerosol OC are driven by changes in the amount of contemporary-derived aerosol OC at
the study sites. Larger contributions of contemporary-derived aerosol OC during the
spring and summer growing seasons versus fall and winter when terrestrial biomass is
reduced, explains the general changes in aerosol OC concentrations throughout the year
(Figure 2-1 0).

Aerosol OC deposition fluxes
Aerosols are transferred to terrestrial and aquatic systems via both wet and dry
deposition. Dry deposition of aerosol OC occurs continuously as aerosols settle
gravitationally out of the atmosphere and are deposited as they encounter surfaces
(Giorgi, 1986; Bidleman, 1988). Aerosol OC is also subject to wet deposition during
which it is transferred from the atmosphere to watersheds and aquatic systems via
scavenging in rain, fog, or snow (e.g.; Bidleman, 1988; Jacobson et al., 2000). The
relative importance of these two modes of deposition is dependent, in part, on the
magnitude, frequency and forms of precipitation within the region of interest
(Baumgardner et al., 2002; Peters et al., 2002), with snow and solid water phases
generally being more efficient scavengers that wet forms.
In areas of higher precipitation, wet deposition is likely to dominate, while in
drier regions, dry deposition may represent the greater aerosol flux. The seasonal mean
OC concentration values (Table 2-2) presented here can be used to estimate the relative
importance of wet versus dry deposition for transfer of aerosol OC between the
atmosphere and watersheds and surface waters on the Atlantic coast ofNorth America.
By incorporating the radiocarbon findings (Table 2-3), aerosol OC deposition for the two
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study sites can also be partitioned into fossil and contemporary components to allow for
estimation of the fluxes of anthropogenically-derived fossil OC to biogeochemical
cycling between atmospheric, terrestrial, and aquatic reservoirs in the northeastern U. S.
Dry deposition flux calculations. To calculate dry deposition fluxes (Ddry),

aerosol OC concentrations are multiplied by a deposition velocity (Vd, in em s- 1) as
follows:
(Eqn. 5)
V d is dependent on meteorological properties, depositional surfaces, and particle size
(Giorgi, 1986, Bidleman, 1988). Generally speaking, accumulation mode particles
(diameter= 0.1-1.0

~-tm)

- aerosol particles of such small size that they tend to accumulate

in the air- have lower Vd (0.003-0.036 em s- 1) than larger diameter coarse mode particles
that fall more rapidly (diameter> 1.0 ~-tm; Vd = 0.5-2.5 em s- 1; Giorgi, 1986). Increased
surface roughness of aerosol particles is also known to increase V d (Giorgi, 1986). The
Hudson and York River watersheds associated with the aerosol sampling sites are
dominated by forested and agricultural land covers (>80% of the total; Table 2-6), with
smaller amounts of coverage by wetland, urban, and aquatic environments. Deposition
velocities differ based on land cover (e.g., Watterson and Nicholson, 1996; Utiyama et
al., 2001; Ould-Dada, 2002) and therefore the calculated deposition fluxes accounted for
different land covers within each watershed by using different V d values. For forested
regions, a representative Vd of0.50 em s- 1 as measured by Ould-Dada (2002) for particles
(0.1-2.0 ~-tm) in a forest canopy was employed, while a Vd of0.15 em s- for agricultural
1

croplands (Watterson and Nicholson, 1996; Utiyama et al., 2001) was used to calculate
dry depositional fluxes of aerosol OC to agricultural lands. The V d value for urban,
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wetland, and aquatic land covers was assumed to a first approximation to be similar to
that for agricultural land cover (i.e., lower vegetative surface areas) (Figure 2-11; Table
2-7). The agricultural and forest land cover Vd values used here are greater than Vd
attributed to accumulation mode particles, but fall at the low end of values described for
coarse mode particles (Giorgi, 1986). Because TSP in background air, which is known to
include approximately equal volumes of both accumulation mode and coarse particles
(Warneck, 1988) was collected here, these parameterizations appear to be justified.
Wet deposition flux calculations. Wet deposition (Dwet) of aerosol OC can be
estimated by using aerosol OC concentrations (0Caeroso1; J.lg m-3), a particle washout ratio
(Wp; dimensionless), and the amount of precipitation (p 0; m d- 1) via the following
equation:
Dwet (mg m-2 d- 1)

=

1000 * OCaerosol * Wp * po

(Eqn. 6)

WP is known to be a variable parameter based on particle size and chemistry, as well as
meteorological factors (Mackay et al., 1986; Dickhut and Gustafson, 1995; Bidleman,
1988; Wania et al., 1999), and is estimated as the ratio of the concentration of an aerosol

constituent in precipitation relative to its aerosol-associated concentration in air.
Bidleman (1988, and references therein) summarized Wp values for various types ofOC
noting that WP for hygroscopic aerosols is -106 while values for OC and semivolatile OC
likely range from 1* 105 - 5* 10 5, and values for more hydrophobic compounds such as nalkanes (1.3* 104 - 1.6* 106) and PAHs (2* 103 - 2.5* 10 5) can be orders of magnitude
lower.
Given the variability in Wp for different classes of organic compounds (Bidleman,
1988 and references therein), time of year (Dickhut and Gustafson, 1995), and type of
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precipitation (Lei and Wania, 2004), it is desirable whenever possible to assign Wp values
appropriate to these controlling parameters. Radiocarbon measurements of TOC and
water soluble OC (see Chapters 3 and 4, Wozniak Ph.D. dissertation; Szidat et al., 2004)
demonstrate apparent differences between fossil and contemporary biomass-derived
aerosol OC, with fossil OC being less hydrophilic, and therefore, scavenged less readily
by rainfall (lower Wp). Conversely, biomass-derived aerosol OC is believed to be more
hydropohilic than fossil-derived OC and hence would be predicted to scavenge more
readily. As such, different Wp values were employed here for fossil and contemporary
OC.
For fossil-derived OC, Wp values for rainfall are taken as the seasonally averaged
Wp values calculated for aerosol-associated PAHs in the lower Chesapeake Bay region
(Dickhut and Gustafson 1995). Aerosol PAH isomer ratios have shown these compounds
to be largely fossil fuel-derived from automotive and coal sources in the Chesapeake Bay
region (Dickhut et al., 2000). As a result, WP values calculated for PAHs should be
representative of the largely insoluble fossil-derived OC. For contemporary biomassderived OC, seasonally differentiated WP values were not available so a value of 2 *105
was chosen to represent WP for rain because it falls within the range of values suggested
by Bidleman (1988) for semi-volatile organic compounds and has been used in studies
estimating Dwet of OC (Mackay et al., 1986; Jurado et al., 2008). Snowflakes, due to
their larger size and surface area, have been shown to scavenge aerosol particles more
efficiently than raindrops (Franz and Eisenreich, 1998; Wania and Mackay, 1999; Lei and
Wania, 2004). The Millbrook site experienced significant periods of snowfall during
winter, necessitating snow-specific Dwet parameterization. Snow-specific Wp values for
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organic compounds are sparse (Franz and Eisemeich, 1998; Wania et al., 1999; Lei and
Wania, 2004), and a value of60*10 5, calculated for PAHs (Wania et al., 1999) was
multiplied by the mean daily snowfall water equivalent for the period from 1992-2008
(7.62* 104 m d- 1; Appendix 2) to calculate aerosol

Dwet

resulting from snow at Millbrook

for both fossil and contemporary OC.

Seasonally representative daily aerosol OC deposition fluxes. To estimate
seasonal fossil and contemporary

Dwet

and Ddry (Table 2-7; Figure 2-11) the following

parameters were used: 1) WP and V d as outlined above, 2) seasonally averaged
precipitation data collected at the same sampling stations (see Methods for links, and
Appendix 2) where aerosols were collected, and 3) the aerosol OC concentrations from
the two sites (Figure 2-3). These parameters were input to a Monte Carlo simulation
(100,000 trials) using the Crystal Ball (Oracle) software package, which used the
distribution of aerosol OC concentrations for a given season to estimate a distribution of
deposition fluxes from which Ddry and Dwet summary statistics were calculated.
Aerosol OC total mean seasonal depositional flux estimates (Dtota1 =

Ddry

+ Dwet)

ranged from a minimum of 1.46 mg m-2 d- 1 in fall2006 to a maximum of 12.7 mg m-2 d- 1
in spring 2007 at Millbrook (Table 2-7; Figure 2-11 ). Because all

Ddry

estimates for a

given site were calculated using the same V d values and land covers, these values are
proportional to fossil and contemporary aerosol OC concentrations, and variations
between seasons in

Ddry

can be attributed to variations in aerosol OC concentrations. The

minimum site-specific Dtota1 estimates were for fall2006 (1.46 mg m-2 d- 1; Table 2-7) at
Millbrook and winter 2006-2007 at Harcum (1.80 mg m-2 d' 1; Table 2-4) and are driven
by low aerosol OC concentrations (Table 2-2; Figure 2-3) and low rainfall Wp values for
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fall (2.4*10 4 ; Dickhut and Gustafson, 1995) and winter (7.1 *10 3; Dickhut and Gustafson,
1995) fossil OC. In contrast, the comparatively higher Dtotal estimates calculated for
spring 2007 (12.7 mg C m- 2 d- 1; Table 2-7) at Millbrook and summer 2006 (8.00 mg C
m-2 d- 1; Table 2-7) and 2007 (8.44 mg C m-2 d- 1; Table 2-7) at Harcum are driven by a
combination of relatively higher OC concentrations (Table 2-2; Figure 2-3) and higher
fossil OC rainfall Wp values for spring (1.0*10 5; Dickhut and Gustafson, 1995) and
summer (1.1 *10 5; Dickhut and Gustafson, 1995). Dtotal was also quite high for Millbrook
during winter 2006-07 (9.18 mg C m-2 d- 1; Table 2-7), despite low OC concentrations
(Table 2-2; Figure 2-3), due to contributions from snow-derived Dwet (8.55 mg C m-2 d- 1;
Table 2-7).
Dwet was generally responsible for a larger percentage of Dtotah with the exception
of winter 2006-2007 at Harcum when Ddry (1.00 mg m-2 d- 1; Table 2-7, Figure 2-11) was
greater than Dwet (0.80 mg m-2 d- 1; Table 2-7, Figure 2-11) due mostly to the low winter
fossil OC W P (7.0* 103; Dickhut and Gustafson, 1995). Higher mean summer rainfall at
Harcum resulted in Dwet being more than double Ddry in both summer 2006 and summer
2007 (Table 2-7, Figure 2-11). In addition, Dwet (8.55 mg C m- 2 d- 1; Table 2-7, Figure 211) was calculated to be more than an order of magnitude greater than Ddry (0.77 mg C
m-2 d- 1; Table 2-7, Figure 2-11) in winter 2006-07 at Millbrook due to high snow
scavenging efficiencies (Franz and Eisenreich, 1998; Wania et al., 1999).
Fossil OC Dtotal was usually less than 3 mg C m-2 d- 1 (Table 2-7; Figure 2-11) with
the exception of winter 2006-07 at Millbrook when fossil OC Dtotal was 5.07 mg C m-2 d- 1
(Table 2-7; Figure 2-11) due to a very high fossil OC Dwet(4.71 mg C m-2 d- 1; Table 2-7;
Figure 2-11) resulting from the efficient scavenging of fossil OC by snow. The lowest
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fossil OC Dtotal was calculated for fall 2006 (0.23 mg C m·2 d- 1; Table 2-7; Figure 2-11) at
Millbrook when aerosol OC concentrations were also the lowest observed during this
study (Table 2-2; Figure 2-3).
Annual Aerosol OC Deposition Fluxes. Annual fluxes of aerosol OC for both

sites were calculated by multiplying seasonal daily mean fluxes by the number of days in
each season and adding these seasonal fluxes together (Table 2-7; Figure 2-11 ). This
method assumes that the limited number of samples collected for this study contains
representative amounts of carbon for the entire season of collection. Exceptions to this
assumption could arise from anomalously high, short-term deposition events, or
protracted low-depositional periods. Aerosol OC concentrations are likely to vary
throughout a season based on a variety of factors including prevailing airmass trajectories
(Kelly et al., 1984; Lewin et al., 1986; Pierson et al., 1989; Keeler et al., 1991; Miller et
al., 1993; Lefer and Talbot 2001) and pollution events (e.g., Sullivan et al., 2006) so a
more thorough sample set of aerosol OC concentrations is desirable to better characterize
mean seasonal conditions. Nonetheless, the mean aerosol OC data presented here
provide a good first approximation for estimating annual aerosol OC deposition fluxes.
For annual flux calculations, depositional fluxes from 2006 and 2007 were
averaged for spring and summer at Harcum and spring at Millbrook to attempt to gain
representative deposition fluxes for these seasons. D10131 annual fluxes were similar at the
two sites (1.69 g C m·2 yr- 1 and 2.05 g C m·2 yr" 1 for Harcum and Millbrook, respectively;
Table 2-7). Aerosol OC Dctry was similar for Harcum (0.55 g C m·2 yr" 1; Table 2-7) and
Millbrook (0.53 g C m·2 yr" 1; Table 2-7) indicating that the greater D10131 flux at Millbrook
was due to Dwet· At Millbrook, Dwet accounted for 74% (1.51 g C m-2 yr- 1; Table 2-7) of
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the annual Dtotai, while at Harcum Dwet was again larger than Ddry representing 67% ( 1.14
g C m-2 yr- 1; Table 2-7) ofthe annual Dtotal (1.69 g C m-2 yr" 1; Table 2-7). Despite the
higher values for aerosol OC Dwet compared to Ddry, contributions of aerosol OC Ddry at
the two sites represent significant fluxes of OC from the atmosphere to land. Therefore,
Ddry can not be ignored as an aerosol removal mechanism in biogeochemical budgets.
In 1976-77, Likens et al. (1983) found annual Dwet to be 1.4-2.4 g C m·2 yr" 1, at
two sites in the northeastern U.S. near Millbrook, and the calculated Millbrook annual
Dwet from the present study falls within their range (1.51 g C m·2 yr- 1). Conversely,
Harcum annual Dwet0.14 g C m- 2 yr·\ Ddry(0.55 g C m-2 yr"

1
),

and Dtotal (1.69 g C m·

2

yr- 1) values from this study were much lower than those calculated for four sites within
2

1

the lower Chesapeake Bay watershed in 1981 (mean Dwet = 5.70 g C m· yr" , mean Ddry =
5.60 g C m·2 yr" 1, mean Dtotal

=

11.31 g C m·2 yr" 1;Velinsky et al., 1986). It is unclear

whether the lower deposition estimates calculated for the Harcum site in the present study
represent natural temporal variability or whether these differences represent true
decreases in the amounts of OC deposited in this region.

Fossil aerosol OC annual depositionjluxes. Previously, Raymond (2005)
estimated that -0.5 g of fossil C m·2 yr" 1 is deposited to terrestrial systems with rainwater
2

DOC in the northeastern U.S. and compared this value to the -0.22 g fossil C m· ofi
watershed yr" 1 exported from northeast rivers (Raymond et al., 2004) to illustrate the
potential importance of atmospherically-derived fossil OC inputs to river systems. In the
1

present study, fossil OC alone accounted for approximately 0.33 g C m-2 yr- (20% of
Dtotal; Table 2-7) and 0.69 g C m-2 yr· 1 (34% of Dtotal; Table 2-7) at Harcum and
Millbrook, respectively. At Millbrook, Dwet was the dominant mode for deposition of
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fossil OC (0.55 g C m·2 yr· 1 vs. 0.14 g C m·2 yr" 1 for Ddry; Table 2-7) accounting for a
similar amount of fossil OC deposition to that estimated by Raymond (2005), while Ddry
of fossil OC (0.18 g C m·2 yf 1; Table 2-7) was larger than Dwe1(0.15 g C m·2 yr- 1; Table
2-7) at Harcum. Dwet calculated here represents aerosol-scavenged OC, whereas the
rainwater DOC fluxes estimated by Raymond (2005) included both aerosol-scavenged

DOC and gas-phase scavenged DOC. Thus, if gas-phase contributions to rainwater DOC
were included, the modeled Dwet of fossil OC at Harcum and Millbrook would likely to
be larger than the values reported here and in Raymond (2005). Inclusion of aerosol Ddry
to watershed estimates of atmospheric OC deposition further emphasizes the potential
importance of atmospheric fossil OC sources to aquatic systems especially at Harcum
where fossil OC Ddry accounted for 55% of fossil OC Dtotal (Table 2-7).
The predominance of Dwet as a delivery mechanism for fossil OC at Millbrook is a
result of the disproportionately efficient snow scavenging of winter aerosols, which have
a large contribution from fossil OC (57% fossil; Table 2-7). Snow is a negligible fraction
of precipitation at Harcum resulting in considerably lower Dwet at this site during winter
(Table 2-7, Figure 2-11) although the fractional contribution from fossil OC was high
during winter at Harcum (54% fossil; Table 2-3). As a result, fossil OC Ddry was the
larger fossil OC delivery mechanism at Harcum and fossil OC D1otal was lower at Harcum
compared to Millbrook. Thus, snow-scavenging of aerosol OC appears to be an
important atmospheric deposition process for delivery of fossil and contemporary OC to
watersheds and aquatic systems in systems.
Watershed aerosol OC deposition fluxes. As noted above, rural sites tend to have
lower aerosol TSP, OC, and BC concentrations and contributions from fossil sources as
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compared to urban areas (Table 2-4 and references therein). As such, aerosol
measurements from rural areas may be extrapolated to provide conservative regional
estimates of atmospheric deposition of OC. The atmospheric deposition fluxes of fossil
and contemporary OC from Harcum and Millbrook can thus be applied to the York
(-8,470 km 2) and Hudson River (-33,500 km2) watersheds, respectively, due to their
proximity to the sampling sites. In comparing the atmospheric deposition fluxes of OC in
the York and Hudson River watersheds to riverine export of OC, it is evident that the
magnitude of aerosol OC deposition is relevant in the context of exchanges of OC
between the atmosphere, land, and aquatic systems (Figure 2-12).
The calculated annual flux of aerosol OC (Dtotal) to the York River watershed
(13.9*109 g C yr- 1; Figure 2-12) is larger than the riverine TOC flux (8.4*109 g C yr" 1;
Figure 2-12) exported from the York River, while the aerosol OC deposited to the
Hudson River watershed (6.8*10 10 g C yr" 1; Figure 2-12) is approximately equivalent to
TOC export from the Hudson River (7.2*10 10 g C yr" 1). However, aerosol fluxes ofOC
to watersheds are subject to several potential fates post-depositionally (e.g., sorption to
particles, burial, microbial and photochemical degradation, and transport to aquatic
systems), making it unlikely that all of the aerosol OC deposited will be transported to
aquatic systems. Nonetheless, the atmospheric deposition fluxes for OC calculated here
provide evidence for a potentially significant contribution of aerosol OC to watersheds
and to their riverine and aquatic components. Rainwater DOC deposition to the global
ocean has been estimated at 20-90 Tg C yr· 1 (Duce et al., 1991; Willey et al., 2000;
Jurado et al., 2008) or roughly 2-20% the magnitude of riverine inputs of OC to the
global ocean (400-800 Tg C yr" 1; Richey, 2004). Atmospheric OC may also contribute to
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riverine inputs of OC to the oceans via deposition to watersheds and transport to rivers
indicating that atmospherically transported OC is likely an even larger source of OC to
the global ocean.
Fossil OC by itself contributed 3.35*109 g C y{ 1 and 2.30*10 10 g C y{ 1 to the
atmospheric deposition fluxes of OC to the York and Hudson River watersheds,
respectively, or values corresponding to 40% (York) and 32% (Hudson) the magnitude of
river TOC export fluxes. As noted previously, fossil-derived aerosol OC inputs represent
inputs that increase aerosol OC levels above those of the pre-industrial atmosphere. With
annual fossil aerosol OC depositions estimated at 20-34% of Dtotal (Table 2-7), equation 4
can be used to calculate potential annual watershed-scale deposition increases of 25-52%
above pre-industrial levels. Thus, human industrial activity results in the delivery of
significantly larger amounts of aerosol OC to watersheds, and this increased delivery of
allochthonous OC may have important impacts on terrestrial and aquatic biogeochemical
cycles.
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Table2-1. Sampling dates and parameters measured for aerosol samples collected at the Millbrook, NY and Harcum, VA sites.
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'x' denotes sampling dates when a single sample was measured for the parameter in question.
'y' denotes sampling dates when duplicate samples were collected and measured for the parameter in question.
'z' denotes single samples that were measured in duplicate for isotopic signatures.
All OC, TN, and BCsoot measurements were performed in triplicate.
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Table 2-2. Mean seasonal TSP, OC, BC, and PN concentrations and fractional amounts (f) for aerosol samples from sites in
Millbrook, NY and Harcum, VA. See text for information on how seasons were defined. Errors are expressed as 95% confidence
intervals (lower 95% bound-upper 95% bound).
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2

31

TSP

34.0

32.1

22.0

20.4

26.0

37.9

26.6

95%CI

(31.5-36. 7)

24.5-41.9

(19.7-24.5)

(17.1-24.2)

(23 .2-29.1)

(31.1-46.1)

(24.8-28.6)

oc

5.80

6.64

4.15

2.96

3.18

6.25

4.33

95%CI

(5.07-6.65)

(5.16-8.55)

(3.78-4.55)

(2.62-3.35)

(2.73-3.70)

(5.38-7.23)

(3.98-4.70)

foe

0.172

0.214

0.192

0.150

0.127 ± 0.015

0.165 ± 0.008

0.169 ± 0.009

95%CI

(0.147-0.197)

(0.159-0.269)

(0.167-0.217)

(0.113-0.187)

(0.0976-0.156)

(0.149-0.181)

(0.151-0.187)

c
;:::).
::::r

BCsoot

0.323

0.322

0.212

0.228

0.265

bdl*

0.244

Cil

95% CI"

(0.269-0.357)

(0.152-0.493)

(0.146-0.276)

(0.092-0.362)

(0.038-0.492)

ac.
c

fscsoot•

0.010

0.010

0.010

0.007

0.007

a·

95%CI

(0.010-0.011)

(0.002-0.020)

(0.007-0.0 13)

(0-0.016)

(0-0.015)

a::::r

PN

0.611

1.34

0.839

0.691

0.846

1.69

0.915

0""
;:::;:
CD

95%CI

(0.301-0.921)

(0.113-2.67)

(0.723-0.956)

(0.594-0.788)

(0.446-1.24)

(0.816-2.56)

(0.684-1.15)

fPN

0.018

0.035

0.039

0.036

0.034

0.043

0.034

95%CI

(0.009-0.027)

(0.0 16-0.057)

(0.030-0.048)

(0.022-0.050)

(0.024-0.045)

(0.037-0.049)

(0.028-0.039)
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0
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(0.179-0.309)
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bd1*

0.008
(0.005-0.0 11)
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CD

3u;·
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a·

:::J

"At Harcum for Spring 2006 BCsoot and f8 csoot reported mean values, n=3, and for BCsoot and f8 csoot reported mean values, n=29. Errors are expressed
either as± the SE, or in parentheses as 95% confidence intervals (lower 95% bound-upper 95% bound).
'nc' denotes time period when aerosols were not collected at a given site.
'bdl' denotes time period when all values for this parameter for a given sampling period were below the detection limits defined in the Methods.
'bdl*' denotes time periods when only one of two measurements for a given parameter was above the detection limits defined in the Methods making
calculation of descriptive statistics inappropriate.
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Table 2-3. Mean seasonal A14 C, and o13 C values for aerosol samples from the Millbrook, NY and Harcum, VA sites, respectively).
Errors are expressed as standard errors.

3u;·

Spring '06

Summer '06

Fall'06

Winter '06-07

Spring '07

Summer '07

Mean

CJl

i5"

--

All Seasons

:::J

0

::::r
CD

(')

0

Millbrook
~~4c

(%o)

nc

-172 ± 8 (3)

-266 ± 173 (2)

-233 ± 69 (3)

-539 ± 18 (3)

-45 ± 19 (2)

fM

0.833 ± 0.008

0.739 ± 0.174

0.772 ± 0.070

0.464 ± 0.018

0.961 ± 0.019

0. 739 ± 0.053

Age (yrs B.P.)

1460 ± 80

2430 ± 1890

2080 ± 730

6170±320

320 ± 160

2430 ± 580

-25.9 ± 0.02 (3)

-25.1 ± 0.2 (2)

-24.9 ± 0.2 (3)

-25.3 ± 0.3 (3)

-24.8 ± 0.1 (2)

nc

-25.2 ± 0.1 (13)

-225 ± 72 (2)

-209 ± 114 (2)

-411±2(4)

-503 ± 118 (3)

-224 ±58 (3)

-62 ± 105 (2)

-294 ± 48 (15)

-266 ±53 (13)
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::::r

-

13

8 C (%o)
11
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::::r
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CD
...,

Harcum
~~4c

(%o)

Cil

fM

0.780 ± 0.073

0.797±0.115

0.593 ± 0.001

0.500 ± 0.119

0;781 ± 0.058

0.944 ± 0.105

0.711±0.048

ac.

Age (yrs B.P.)

1990 ± 750

1830 ± 1160

4200 ± 20

5560 ± 1910

1990 ± 600

460± 900

2740 ± 540

-24.9 ± 1.2 (2)

-21.4 ± 1.9 (2)

-25.0 ± 0.4 (4)

-25.3 ± 0.3 (3)

-25.0 ± 0.2 (3)

-24.5 ± 1.0 (2)

-24.5 ± 0.4 ( 15)

"0
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g
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13

8 C (%o)
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"0
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Values in parentheses are numbers of replicates.
'nc' denotes time period when aerosols were not collected at a given site.
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Table 2-4. Aerosol TSP and bulk OC concentrations at sites along the Atlantic coast of North America.
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Site

Site Environment

Sampling Dates

Sample Type

TSP (!-lg m"3)

Bulk OC (1-lg m"3)

Reference

:::J

0

::::r

Millbrook, NY

Rural

May 2006-May 2007

Hi-volume

19.1 ( 17.1-21.2)

2.93 (2.52-3.41)

This Study

Harcum, VA

Rural

May 2006-August 2007

Hi-volume

26.6 (24.8-28.6)

4.33 (3.98-4.70)

This Study

Acadia Nat' I Park,
ME

Rural

March 1988-February
1991

PM2.S

11.2a

1.4b

Maim et al.,
(1994)

Waterbury, VT

Rural

January-March 1982

Hi-volume

34

9.8

Sexton et a!.,
(1985)

Potsdam, NY

Rural

November 2002August 2005

PM2.s

8.35

2.0

Sunder Raman et
al., (2008)

Stockton, NY

Rural

November 2002August 2005

PM2s

10.2

2.6

Sunder Raman et
al., (2008)

Lewes, DE

Rural

August 1982, winter
1983

Hi-volume

31.3

4.1

Wolff eta!.,
(1986)

Great Smoky
Mtns.,
TN/Shenandoah
Nat'l Park, VA

Rural

March 1988-February
1991

PM2.S

17.1 a

2.1 b

Maim et al.,
(1994)

Luray, VA

Rural

July-August 1980

Hi-volume

ND

7.7

Wolffet al.,
(1982)
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Yarkville, GA

Rural

January 2000December 2002

PMz.s

12.05

2.44

Liu et al., (2005)

Chesapeake Bay

Estuarine

July 1997

Hi-volume

28.5 (4.5-83.8)

4.1 (1.0-9.0)

Brunciak et al.,
(2001)

New York, NY

Urban

February-March 1972

Hi-volume

ND

19.8

Wolffet al.,
(1982)

-

Baltimore, MD

Urban

July 1997

Hi-volume

50.5 (23.1-94.8)

6.0 (3.1-10.4)

Brunciak et al.,
(2001)

11

Washington, D.C.

Urban

June 1972

Hi-volume

ND

5.1

Wolffet al.,
(1982)

Washington, D.C.

Urban

March 1988-February
1991

PMz.s

32.68

3.2b

Maim et al.,
(1994)

Atlanta, GA

Urban

January 2000December 2002

PMzs

15.04

3.58

Liu et al., (2005)

"0

CD

3u;·
CJl

i5"

-:::J

0

::::r
CD

(')

0
"0

'<
...,

<B"
::::r

c
::::r
;:::).

CD
...,

Cil

"0

ac.

a

c

g
i5"
:::J

"0

a::::r
0""
;:::;:
CD

c.
:iE
;:::;:

::::r
0
c

-

TSP measurements were made for both PM2.5 (particulate matter with diameter< 2.5 ~m) +coarse (particulate matter with diameter> 2.5
fractions of aerosols. Repm1ed TSP values are the sum of the two reported measurements.
bValues were repot1ed as OM concentrations by multiplying OC values by a constant (OM = OC *1.4) in the original publication. The data
have been transformed here to show OC concentrations by dividing the reported OM values by 1.4.
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Table 2-5. Mean seasonal % contributions from fossil and contemporary OC to the Millbrook, NY and Harcum, VA sites.
Spring '06.

"0

CD

Summer '06

Fall '06

Winter '06-07

Spring '07

Summer '07

3u;·

Mean
All Seasons

CJl

i5"

-:::J

Millbrook

0

::::r
CD

(')

0
"0

%fossil

23 ± 1 (3)

46 ± 12 (2)

28 ± 6 (3)

57± 2 (3)

11 ± 2 (2)

% contemporary

77 ± 1

54± 12

72± 6

43 ±2

89±2

nc

32±3(I3)
68 ± 3

'<
...,

Harcum

-

%fossil

28 ± 7 (2)

26 ± II (2)

45 ± O.I (4)

54± II (3)

28 ± 5 (3)

I3±I0(2)

34±4(I5)

% contemporary

72 ± 7

74 ±II

55± O.I

46 ±II

72± 5

87 ± IO

66±4
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::::r

11

c
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::::r
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Numbers in parentheses represent the number of samples measured. Errors are expressed as standard errors of the mean.
'nc' denotes seasons when aerosols were not collected at a given site .

Cil

"0

ac.
c

g
i5"
:::J

"0

a::::r
0""
;:::;:
CD

c.
:iE
;:::;:

::::r
0
c

-

"0

CD

3u;·
CJl

i5"
:::J

84

Table 2-6. Hudson and York River watershed areas and land cover data.

River

Watershed
Area,
(km 2)

Forest
(%cover)

Agriculture
(%cover)

Wetlands
(%cover)

Urban
(%cover)

Water
(%cover)

Hudson

33,500

73

18

3

3

3

York

8,470

61

21

7

2

9

Approximate values adapted from USGS (http://water.usgs.gov/nwis/annual). Data for the Hudson River
includes data for the upper Hudson, lower Hudson, and Mohawk rivers.
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Table 2-7. Estimated seasonal (mg C m"2 d" 1) and annual mean (g C m" 2 yr" 1) wet and dry deposition fluxes of modern, fossil and total OC at
Millbrook, NY and Harcum, VA during 2006-2007. See text for details of calculations.
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Spring 2006

Summer 2006

Fall 2006

Winter 2006-07

Spring 2007

Summer2007

CJl

i5"
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Millbrook
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Ddtymodem

0

'<
...,

<B"
::::r

-

Ddryfossil

c
;:::).
::::r

...,
CD

Cil

"0

ac.
c

g
i5"
:::J

"0

a::::r
0"
;:::;:
CD

c.
:iE
;:::;:

::::r
0
c

-
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0.67 ± 0.040

0.43 ± 0.076

0.27 ± 0.036

4.31 ± 0.81

nc

0.39 ± 0.077

0.39 ± 0.034

0.57 ± 0.036

0.17 ± 0.031

0.36 ± 0.045

0.53±0.10

nc

0.14 ± 0.011

2.25 ± 0.20

1.31 ± 0.076

0.80 ±.0.139

3.84 ± 0.50

7.15 ± 1.35

nc

0.96 ± 0.076

0.49 ± 0.042

0.71 ± 0.040

0.06 ± 0.009

4.71 ± 0.61

0.65 ± 0.12

nc

0.55 ± 0.055

4.47 ± 0.32

3.26 ± 0.10

1.46 ± 0.16

9.18 ± 0.79

12.65 ± 1.58

nc

2.05 ± 0.17

1.39 ± 0.30

1.78 ± 0.29

0.76±0.068

0.46 ± 0.045

0.81 ± 0.12

1.74 ± 0.12

0.37 ± 0.036

0.53 ± 0.12

0.63 ± 0.11

0.62 ± 0.053

0.54 ± 0.054

0.31 ± 0.045

0.25 ± 0.018

0.18 ± 0.014

2.38 ± 0.52

5.13 ± 0.34

1.65 ± 0.14

0.74 ± 0.072

1.39 ± 0.29

5.27 ± 0.87

0.99 ± 0.057

1.92 ± 0.42

0.46 ± 0.031

0.24 ± 0.023

0.06 ± 0.004

0.40 ± 0.026

1.18 ± 0.19

0.15 ± 0.009

6.22 ± 0.74

8.00 ± 0.46

3.27 ± 0.17

1.80 ± 0.10

2.91±0.26

8.44 ± 0.89

1.69 ± 0.10

(mg C m"2 d" 1)
Dwetmodem

(mg C m"2 d- 1)
Dwetfossil

11

1.33 ± 0.12

(mg C m·2 d" 1)

(')

"0

Annual Mean
(g C m·2 yr" 1)

(mg C m"2 d- 1)
Dtotal

(mg C m"2 d" 1)

Harcum
Ddrymodem

(mg C m·2 d" 1)
Ddryfossil

(mg C m·2 d" 1)
Dwetmodem
2

(mg C m" d" 1)
Dwetfossil

(mg C m"

2

d" 1)

2

d" 1)

Dtotal

(mg C m"

Errors are expressed as standard errors of the mean.
'nc' denotes seasons when aerosols were not collected at a given site.
For Dwet calculations, different Wp ratios were used for fossil and biogenic OC and for rain and snow. Wp ratios for rain and snow are as follows:
Rain: Biogenic Wp= 2.0* 10 5, Spring Fossil Wp = 1.5*105, Summer Fossil WP = 1.3*105, Fall Fossil Wp = 3.5* 104, Winter Fossil WP = 1.3* 104
Snow: Wp = 60*10 5
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Figure 2-1. Map showing locations of the Millbrook, NY and Harcum, VA sites sampled
during this study.
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Figure 2-2. Aerosol TSP concentrations (/lg m- 3) for air samples collected at (a)
Harcum, VA and (b) Millbrook, NY in 2006-2007. Each bar represents one 24-hour
sample. See text for details regarding how samples were differentiated by season.
Vertical error bars for Millbrook data represent standard errors for duplicate samples
(different filters) collected on the same day. Duplicate samples were not collected from
the Harcum site. Dashed lines represent overall mean values calculated for all samples at
a given site (Harcum: n = 31; Millbrook: n = 22). 'nc' denotes time periods when
aerosols were not collected at a given site.

a) Harcum, VA

80
60
40
--,-..,
M

I

20

8
biJ

::1.

0

"-"
~

r/1
~

b) Millbrook, NY

80
60
40
20

----

0
\0

9

00

.....r::
1-<

0..
CZl

\0

9

1-<

Cl)

s
s

\0

9

.....
.....
~

~

r--

0

I

\0

9

1-<

Cl)

"E
.....

;::::s

CZl

~

r-9
00

.....r::
1-<

0..
CZl

r-9
1-<
Cl)

s

§
CZl

88

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Figure 2-3. Aerosol OC concentrations (J.tg C m-3) for samples collected in (a) Harcum,
VA and (b) Millbrook, NY in 2006-2007. Each bar represents one 24-hour sample. See
text for details regarding how samples were differentiated by season. Vertical error bars
represent standard errors for duplicate samples collected on the same day. Duplicate
samples were not collected from the Harcum site. Dashed lines represent overall mean
values calculated for all samples at a given site (Harcum: n = 31; Millbrook: n = 22).
'nc' denotes time periods when aerosols were not collected at a given site.
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Figure 2-4. Aerosol foe values for samples collected in (a) Harcum, VA and (b)
Millbrook, NY in 2006-2007. Each bar represents one 24-hour sample. See text for
details regarding how samples were differentiated by season. Vertical error bars
represent standard errors for duplicate samples collected on the same day. Duplicate
samples were not collected from the Harcum site. Dashed lines represent overall mean
aerosol foe calculated for all samples at a given site (Harcum: n = 31; Millbrook: n = 22).
'nc' denotes time periods when aerosols were not collected at a given site.
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Figure 2-5. Aerosol BCsoot concentrations (!lg C m- 3) for samples collected in (a)
Harcum, VA and (b) Millbrook, NY in 2006-2007. Each bar represents one 24-hour
sample. See text for details regarding how samples were differentiated by season.
Vertical error bars represent standard errors for duplicate samples collected on the same
day. Multiple duplicate Millbrook samples measured BCsoot below the detection limit.
Duplicate samples were not collected from the Harcum site. Dashed lines represent mean
BCsoot concentrations for all sampling dates (Harcum, VA: n = 29; Millbrook, NY: n =
22). 'bd' denotes samples in which BCsoot was below the detection limit of the method.
'nc' denotes time periods when aerosols were not collected at a given site.
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Figure 2-6. Aerosol fscsoot (fscsoot = BCsootiTSP) for samples collected in (a) Harcum,
VA and (b) Millbrook, NY in 2006-2007. Each bar represents one 24-hour sample. See
text for details regarding how samples were differentiated by season. Vertical error bars
represent standard errors for duplicate samples collected on the same day. Multiple
duplicate Millbrook samples measured BCsoot below the detection limit. Duplicate
samples were not collected from the Harcum site. Dashed lines represent mean fscsoot
values for all sampling dates (Harcum: n = 29; Millbrook: n = 22). 'bd' denotes samples
in which BCsoot was below the detection limit of the method. 'nc' denotes time periods
when aerosols were not collected at a given site.
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Figure 2-7. Aerosol PN concentrations (Jlg N m- 3) for samples collected in (a) Harcum,
VA and (b) Millbrook, NY in 2006-2007. Each bar represents one 24-hour sample. See
text for details regarding how samples were differentiated by season. Vertical error bars
represent standard errors for duplicate samples collected on the same day. Duplicate
samples were not collected from the Harcum site. Dashed lines represent mean aerosol
foe for samples from all sampling dates (Harcum: n = 31; Millbrook: n = 22). 'bd'
denotes samples in which PN was below the detection limit of the instrument. See text for
details on PN detection limits. 'nc' denotes time periods when aerosols were not collected
at a given site.
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Figure 2-8. Aerosol fPN for samples collected in (a) Harcum, VA and (b) Millbrook, NY
in 2006-2007. Each bar represents one 24-hour sample. See text for details regarding
how samples were differentiated by season. Vertical error bars represent standard errors
for duplicate samples collected on the same day. Duplicate samples were not collected
from the Harcum site. Dashed lines represent mean aerosol foe for samples from all
sampling dates (Harcum: n = 31; Millbrook: n = 22). 'bd' denotes samples in which PN
was below the detection limit of the instrument. See text for details on PN detection
limits. 'nc' denotes time periods when aerosols were not collected at a given site.
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Figure 2-9. Aerosol TOC ~ 14 C (lefty-axis, open black circles) and &13 C values (right yaxis, blue or red data points) for selected samples collected in a) Harcum, VA and b)
Millbrook, NY in 2006-2007. Each data point represents a single 24 hour sample.
Vertical error bars represent standard errors for duplicate analyses of the same sample or
for analyses on samples collected on the same day. Black horizontal dashed lines
represent mean ~ 14 C values (Harcum: n = 15; Millbrook: n = 13). Red (Harcum, n = 15)
and blue (Millbrook, n = 13) horizontal dashed lines represent mean &13 C values. Solid
vertical lines delineate seasons. See text for details regarding how samples were
differentiated by season.
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Figure 2-10. Mean seasonal aerosol TOC concentrations (J.tg m- 3) for air samples
collected at (a) Harcum, VA and (b) Millbrook, NY in 2006-2007, partitioned into fossil
(black portions of bars) and modem (red -Harcum, blue-Millbrook) TOC contributions.
See text for details regarding how fossil and modem TOC contributions were determined
and how samples were differentiated by season. 'nc' denotes time periods when aerosols
were not collected at a given site.
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Figure 2-11. Mean seasonal aerosol TOC deposition fluxes (mg C m- 2 d- 1) calculated
from data for samples collected at a) Harcum and b) Millbrook in 2006-07 partitioned
into modern and fossil-derived portions of wet and dry deposition. See text for how these
components were partitioned. Error bars represent the standard error of the total
deposition (Total deposition= modern dry+ modem wet+ fossil dry+ fossil wet). 'nc'
denotes time periods when aerosols were not collected at a given site.
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Figure 2-12. Mean annual aerosol TOC deposition fluxes (10 9g C y- 1) to the York
(watershed area= 8,470 km2) and Hudson (watershed area= 33,500 km2) River
watersheds partitioned into modem and fossil-derived portions of wet and dry deposition
plotted with riverine TOC fluxes (10 9g C y- 1) from the York and Hudson River
watersheds (white bars). Error bars represent the standard error of the total deposition
(Total deposition= modem dry+ modem wet+ fossil dry+ fossil wet).
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CHAPTER3

ISOTOPIC CHARACTERIZATION OF AEROSOL ORGANIC CARBON IN THE
EASTERN UNITED STATES
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ABSTRACT
The stable (8 13 C) and radiocarbon (~ 14C) isotopic signatures of aerosol total
organic carbon (TOC) and several component sub-fractions including water-soluble OC
(WSOC), total solvent extractable OC, aliphatic OC, aromatic OC, and polar OC were
measured in aerosol samples collected from Millbrook, NY and Harcum, VA in 2007.
The 8 13C values (-27 to -24%o) ofTOC and WSOC were consistent with terrestrial C3
plant or fossil fuel sources. Solvent extractable, aliphatic, aromatic, and polar OC
generally showed isotopic signatures depleted in 13C (8 13 C = -30 to -26%o) relative to
TOC and WSOC but still consistent with inputs from C3 plants and fossil fuel sources.
Radiocarbon measurements indicated that 5-50% of aerosol TOC was fossil while far
lower amounts (<8%) ofWSOC were fossil. This indicates that much of the fossilderived aerosol OC is insoluble in water and may be subject to different fates than the
largely contemporary-derived WSOC within watersheds and aquatic systems.
Radiocarbon signatures for total solvent extract OC were similar to those for
TOC. The polar OC fraction accounted for 6-25% ofTOC and showed~ 14C values
similar to solvent extract and TOC. In contrast, while the aromatic and aliphatic OC
fractions were much smaller components of aerosol TOC (<1.5%), they had much larger
contributions, 86 ± 3% and 48 ± 8%, respectively, from fossil OC. Collectively these
data demonstrate that much of the fossil OC including aromatic, aliphatic and other
hydrophobic components has low aqueous solubility. As a result, this fossil OC
component may persist in the environment longer than the largely contemporary WSOC
due to its greater surface sorption characteristics and lower reactivity.
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INTRODUCTION
Atmospheric aerosols are acknowledged to contribute to a number of important
environmental issues of contemporary interest including climate (e.g., Ramanathan et al.,
2001; Satheesh and Moorthy, 2005; Highwood and Kinnersley, 2006), visibility
(Charlson, 1969; Jacobson et al., 2000), human health (e.g., Davidson et al., 2005;
Highwood and Kinnersley, 2006; Pope et al., 2009), and ecosystem health (e.g., Likens
and Bormann, 1973; Driscoll et al., 2001; Galiulin et al., 2002). Aerosols are generally
highly carbonaceous in nature, with as much as 10-30% by weight of aerosol material
being classified as organic carbon (OC; e.g., Wolff et al., 1986; Jacobson et al., 2000;
Tanner et al., 2004; Liu et al., 2005). Aerosol mass, OC, and black carbon (BC) are
derived from both natural (e.g., plant emissions) and anthropogenic (e.g., biomass
burning, fossil fuel combustion) sources. Emissions-based estimates suggest that as
much as 2.4-28 Tg ofOC and 1.3-8.3 Tg BC (Bond et al., 2004; and references therein)
ofthe 30-90 Tg OC (Koch, 2001; Bond et al., 2004) and 8-24 Tg BC (Penner et al., 1993;
Bond et al., 2004) deposited from the atmosphere to the earth's surface globally each year
may be attributed to anthropogenic fossil fuel· sources. For comparison, riverine export
ofOC to the coastal ocean constitutes an input of between 400 and 800 Tg OC annually
(Richey, 2004 ).
Recent natural isotopic measurements (L\ 14C, 8 13C) of dissolved and particulate
organic matter (DOM and POM) in rivers, estuaries and coastal waters indicate that this
material may have significant terrestrial character, yet at the same time be up to several
thousand years in age (Kao and Liu, 1996; Cole and Caraco, 2001; Raymond and Bauer,
2001; Masiello and Druffel, 2001; Blair et al., 2003; Gordon and Gofii, 2003; Guo et al.,
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2004; Raymond et al., 2004; Gofii et al., 2005). This suggests that there must be
significant contributions of ancient or fossil OC, in addition to contemporary organic
matter from terrestrial biomass and autochthonous sources exported from rivers to coastal
waters (Bauer et al., 200 I; 2002). In small mountainous river systems with high
sediment loads, this aged OC has been attributed to incorporation of kerogen C into
sediment OC (Kao and Liu, I996; Masiello and Druffel, 200 I; Blair et al., 2003; Leithold
et al. 2006). In contrast, studies in Arctic rivers have attributed the old age of fluvial OC
to permafrost thawing, increased river runoff, and accelerated coastal erosion (Guo et al.,
2004; Gofii et al., 2005), while studies in the Gulf of Mexico have suggested that soilderived organic matter accounts for the old age of carbon associated with sediments there
(Gofii et al., I998; Gordon and Gofii, 2003). Raymond and Bauer (200I) attributed the
apparent old age ofOC in northeastern U.S. rivers to the mobilization and transfer of
aged terrestrial OC to rivers. However, in this highly populated region, fossil fuelderived OC from various human-related activities may provide a potential and as-yet
largely unexplored source of highly aged OC to watersheds and rivers that may
ultimately be exported to the coastal ocean (National Research Council2003).
Aerosol OC is derived from both contemporary and fossil fuel sources. Fossil
sources include primary emissions from the combustion of fossil fuels (e.g., coal, gas,
etc.; Rogge et al., I993 a, b; Rogge et al., I997) and secondary organic aerosols (SOA)
formed from reactions of volatile organic compounds (VOCs) released as fossil fuel
combustion byproducts with atmospheric oxidants such as NOx or 03 (e.g., Forstner et
al., I997; Odum et al., I997; Jang and Kamens, 200 I; Kanakidou et al., 2005).
Contemporary sources of aerosols include SOAs formed from reactions ofVOCs emitted
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from plant biomass (e.g., mono terpene compounds) and atmospheric oxidants (e.g.,
Kanakidou et al., 2005; Kroll et al., 2007; Surratt et al., 2008) and primary aerosols
emitted from plant biomass naturally (e.g., Rogge et al., 1993c) and via biomass burning
(e.g., Rogge et al., 1998).
SO As are thought to be composed of compounds with acidic functionalities (e.g.,
mono-, di-carboxylic acids, polyconjugated acids; e.g., Mayol-Bracero et al., 2002; Yang
et al., 2004; Yu et al., 2005) and make up a large fraction of water-soluble portion of
aerosol OC (WSOC; Mayol-Bracero et al., 2002; Weber et al., 2007; Ding et al., 2008).
This WSOC can comprise 20-70% oftotal aerosol OC (e.g., Krivacsy et al., 2001;
Kleefeld et al., 2002; Yang et al., 2004; Decesari et al., 2007; Wozniak Ph.D.
dissertation, Chapter 4) and is of interest to climate studies due to the role ofWSOC in
forming cloud condensation nuclei (CCN). CCN reflect solar radiation back to space
contributing to atmospheric cooling (Ramanathan et al., 2001) and can also form cloud
droplets which can lead to precipitation. However, with an increased number of CCN in
the atmosphere, mean CCN size can decrease to a size that limits precipitation, and in this
way WSOC can act as an indirect climate driver of the hydrological system (Toon, 2000;
Ramanathan et al., 2001; Lohmann and Feichter, 2005). WSOC may also be relevant in
biogeochemical studies due to its mobility within watersheds with rain and surface waters
and its bioavailability, both of which are expected to be higher than particulate OC
(Arnarson and Keil, 2005). Therefore, a better understanding of the sources of WSOC is
key to fully delineating its role in the atmosphere as well as post-depositionally in
watersheds and aquatic systems.
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In the present study, aerosols were collected at two rural sites in the eastern U. S.
over the course of a year and characterized using radiocarbon and stable carbon isotopic
analyses. Aerosol OC was also partitioned into its WSOC, aliphatic, aromatic, and polar
OC sub-fractions and analyzed for radio- and stable carbon isotopic content to better
evaluate the sources of OCto the various sub-fractions. The data presented here provide
a more complete assessment of the distribution of fossil and contemporary OC among the
various components comprising aerosol OC on the east coast of North America as well as
insights into the potential biogeochemical fates of fossil and contemporary aerosol OC.

METHODS
Sampling
Six multi-day, high volume (>4,000 m3 , ~1.7 m3 min- 1) aerosol samples were
collected during 2007 using high-volume total suspended particulate (TSP) air samplers
(Model GS2310, ThermoAndersen, Smyrna, GA) from two sites in the northeastern U.S.
The sites were located at the Cary Institute of Ecosystem Studies Environmental
Monitoring Station in Millbrook, NY (http://\vww.ecostudies.org/emp purp.html) and the
National Atmospheric Deposition Program (NADP) site (V A98) in Harcum, VA
(http://nadp.sws.uiuc.edu/sites/siteinfo.asp?net=NTN&id=VA98) (Wozniak Ph.D.
dissertation, Chapter 2). Briefly, air was drawn through pre-ashed (3 hrs, 525°C) and
pre-weighed high-purity quartz microfibre filters (20.3 em x 25.4 em, nominal pore size
0.6J..Lm; Whatman type QM-A) for collection of time-integrated aerosol samples.
Following collection, filters were transferred to pre-ashed aluminum foil pouches and
stored in the dark in carefully cleaned air-tight polycarbonate desiccators until analysis.
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The relative humidity of the desiccators was maintained at.::; 10% at all times in both the
field and back in the lab. Filter blank samples were collected by transporting blank filters
to the field, briefly removing them from their aluminum foil pouches and then placing
them back in the foil pouches. The filter blanks were then stored in air-tight
polycarbonate desiccators identically to aerosol samples.

TOC and WSOC preparation
Filter core plugs were collected and processed for isotopic analyses of TOC as
previously described (Wozniak Ph.D. dissertation, Chapter 2). Between 3 and 12 1.90
em diameter filter plugs (the exact number determined using TOC data and assuming that
35% ofTOC was WSOC with the goal of combusting enough to yield 2: ~250 J.lg C for
~ 14C analyses) were immersed in low-OC (Milli-Q Gradient AIO, Millipore, <5 J.lM)

water, and WSOC was allowed to desorb from aerosol particles for a minimum of 8
hours. We cannot rule out that microbial activity may have affected the WSOC content
over the 8 hour desorption period, however, it is unknown to what extent this may have
occurred or how this would have affected the isotopic characteristics of WSOC. The
water containing the WSOC was then filtered through a 0.45 J.lm polytetrafluoroethylene
filter (Gelman) in order to remove particulate matter. The filtered water was transferred
to pre-ashed 12 mm quartz tubes, and the water was evaporated at 55°C under a stream of
ultrahigh purity N2 leaving the operationally-defined WSOC. The WSOC was then
oxidized to C02 as described elsewhere for aerosol TOC (Wozniak Ph.D dissertation,
Chapter 2) and analyzed for 8 13 C and~ 14C.
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Solvent extraction and aliphatic, aromatic, and polar OC sub-fraction preparation
After core plugs were removed from the filters for TOC and WSOC isotopic
analyses, the remaining filter was extracted in an accelerated solvent extraction system
(1,000 psi, 100° C) using dichloromethane and methanol (DCM:MeOH; 9:1 v/v) (Figure
3-1). A portion of the DCM:MeOH extract was then transferred to a pre-ashed 9 mm
quartz tube, the solvent was evaporated under a stream of ultrahigh purity N2, and the
remaining OC residue was analyzed foro Be and~ 14C of the total solvent extract as
described elsewhere for aerosol TOC (Wozniak Ph.D. dissertation, Chapter 2). The
remainder of the solvent extract was separated into operationally-defined aliphatic,
aromatic, and polar compound groups using silica column chromatography (Fisher
Scientific 100-200 mesh Silica Gel) with the aliphatic OC eluted using hexane, aromatic
OC eluted in a 1: 1 mixture of hexane and dichloromethane, and polar OC eluted in a 1: 1
mixture ofDCM/MeOH (Volkman et al., 1983). The solvent extracted, aliphatic,
aromatic, and polar OC sub-fractions were then combusted to carbon dioxide and
converted to graphite prior to o Be and ~ 14C analyses as described elsewhere for aerosol
TOC (Wozniak Ph.D. dissertation, Chapter 2).

Filter blanks and blank corrections
Blank filters were subjected to the same extraction procedures as sample filters,
and corrections for blank contributions to o 13 C and~ 14C measurements were made as
described elsewhere for aerosol TOC isotopic analyses (Wozniak Ph.D. dissertation,
Chapter 2). Aliphatic, aromatic, total solvent extract, and WSOC field blanks were all
very small (< 2 Jlmol C) and were therefore diluted with the International Atomic Energy
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Agency Cl "Carrara" marble standard (Cl) prior to being measured for isotopic
signatures. Isotopic signatures of the blanks were then calculated as follows:
Xblank = (Xmeasured- fc1
where Xblank represents the corrected
the

* XCJ)/fblank

(Eqn. 1)

o13 C or f). 14C value for the blank, Xblank represents

.
o13 Cor f). 14C measured by accelerator mass spectrometry (AMS),
fc1 represents the

fraction of C 1 in the blank, Xn represents the known isotopic signature of C 1 (o 13 Cc 1 =

+2.4 %o; f). 14Cci = -1000 %o ), and in this case "blank" refers to the blank for the specific
OC sub-fraction (aliphatic, aromatic, total solvent extract ofWSOC) measured in the
field blank filter. For aerosol TOC (n = 6) and total solvent extract samples (n = 4), the
fraction of OC contributed by the field blank and field blank processing
(fblank=OCblank/TOCsampie) was always less than 0.01. WSOC and polar group fblank values
averaged 0.05 (n = 5) and 0.06 (n = 5), respectively, while the mean aliphatic and
aromatic fblank values averaged 0.11 (n = 5) and 0.12 (n = 6), respectively.

Isotopic analysis
14
All f). C and

o13C analyses were performed at the National Ocean Sciences

14
Accelerator Mass Spectrometry (NOSAMS) facility. For f). C analyses, accelerator mass
spectrometry (AMS) measurement errors averaged± 4%o and were never larger than±

9%o. The mean measurement error for o13 C analyses performed on the NOSAMS Optima
isotope ratio mass spectrometer was ±0.1 %o.
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RESULTS

TOCandWSOC
Aerosol TOe o13 e values ranged from -26.5%o to -24.4%o, with the two samples
collected in August of 2007 being the most Be-enriched (Table 3-1, Figure 3-2). Aerosol
TOe l:l. 14e values spanned a very broad range, from -488%o in March 2007 at Millbrook
to +25%o in August 2007, also at Millbrook (Table 3-1, Figure 3-2).
The fraction ofWSOe (fwsoc = WSOe/TOe) associated with aerosol samples
was relatively large, ranging from 0.16 to 0.4 7 (Table 3-1 ), and aerosol WSOe oBe
values were similar in overall range to aerosol TOe o13 e values (Table 3-1, Figure 3-2).
In contrast, although TOe was often highly

14

e-depleted, aerosol WSOe always

contained bomb 14e and WSOe l:l. 14e values were significantly (Student's t-test, p<0.05)
enriched compared to aerosol TOe, ranging from -17%o in May at Millbrook to 26%o in
February at Harcum (Table 3-1, Figure 3-3). At every sampling time except one, the
wsoe l:l. 14e signature was enriched in 14e relative to its corresponding TOe l:l. 14e
signature (Table 3-1; Figure 3-3). Only the summer 2007 sample from Millbrook - the
sample with the highest TOe l:l. 14e signature of all those measured (l:l. 14e = 25%o; Table
3-1; Figure 3-3)- did not follow this trend. For this sample, TOe and WSOe both
14

contained bomb e and their respective l:l. 14e values were within 2 measurement errors
of each other.

Solvent extracted components
The total solvent extracts measured for isotopic analysis corresponded to large
fractions of the original TOe (fsE =total solvent extract Oe/TOe) ranging from 0.43 to
0.90 (Table 3-1 ). The total solvent extracts were depleted in 13e relative to both TOe
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and WSOe, with() Be values ranging between -28.9%o and -26.2%o (Table 3-1; Figure 32). In contrast, ~ 14 e values of the total solvent extracts were similar in range to those
reported for aerosol TOe, and were depleted in 14e with respect to WSOe (Table 3-1;
Figure 3-3).
The aliphatic (faliphatic =aliphatic Oe/TOe) and aromatic (faromatic =aromatic
Oe/TOe) fractions ofthe solvent extracts were always less than 0.015 ofthe original
TOe mass, while the polar Oe fraction was considerably larger (0.06 to 0.25; fpolar =
polar Oe/TOe; Table 3-1 ). ()Be values for aliphatic and aromatic oe sub-fractions were
all depleted in Be with respect to aerosol TOe and WSOe ()Be values. Polar oe values
showed some overlap with TOe and WSOe () 13e values, but three of five samples were
depleted relative to TOe and WSOe. The aromatic and aliphatic oe fractions were the
most Be-depleted fractions, averaging -28.4 ± 0.3%o (n = 6) and -28.1 ± 0.5%o (n = 4)
respectively (Table 3-1; Figure 3-2), whereas polar oe had a mean() 13e value of -27.3 ±
0.5%o (n = 5; Table 3-1; Figure 3-2).

Aliphatic oe fl. 14e values were the most depleted of all subfractions analyzed,
ranging from -961 to -794%o (Table 3-1; Figure 3-3). With the exception ofthe May
2007 Millbrook sample (fl. 14e = -77%o; Table 3-1; Figure 3-3), the aromatic oe isolates

were also strongly

14

e-depleted (fl. 14e of -692 to -446%o; Table 3-1; Figure 3-3). In

contrast, four of the five polar oe isolates were relatively enriched in~ 14e (-240 to
24%o; Table 3-1; Figure 3-3), while the polar oe fraction from the March 2007

Millbrook sample was extremely depleted in fl. 14e (-750%o; Table 3-1; Figure 3-3).
A one-way ANOVA of the () 13 e values for TOe and the various oe sub-fractions
showed differences among the various types of oe. The total solvent extract (<>Be =
109
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-27.2 ± 0.4%o, n = 4; Table 3-1), aliphatic OC (5 13 C = -28.1 ± 0.4%o, n = 4; Table 3-1),
aromatic OC (5 13C = -28.4 ± 0.3%o, n = 6; Table 3-1 ), and polar OC (& 13C = -27.3 ±
0.5%o, n = 5; Table 3-1) fractions had significantly depleted mean 5 13 C values (one-way
ANOV A, p < 0.001; Tukey-Kramer post hoc multiple comparisons test, p < 0.05)
compared to TOC (5 13 C = -25.6 ± 0.3%o, n = 6; Table 3-1) and WSOC (5 13 C = -25.2 ±
0.2%o, n = 5; Table 3-1). Similarly, a one-way ANOVA of the /1 14C values for TOC and
the various OC sub-fractions also showed significant differences (one-way ANOVA, p <
0.001) between the various OC components. The mean aliphatic OC /1 14C value (/1 14C

=

-853 ± 29%o, n = 5; Table 3-1) was significantly depleted (Tukey-Kramer post hoc
multiple comparisons test, p < 0.05) relative to all other types of OC measured. In
14

addition, mean aromatic OC /1 14C (/1 C = -444 ± 83%o, n

= 5; Table 3-1) was

significantly depleted (Tukey-Kramer post hoc multiple comparisons test, p < 0.05) with
respect to WSOC /1 14C (/1 14C = +9 ± 7%o, n = 5).

DISCUSSION

Stable isotope and radiocarbon signatures of aerosol OC
Aerosol TOC. The high-volume samples collected for detailed isotopic analyses
had aerosol TOC 8 13C values (& 13 C = -26.6 to -24.5%o; Table 3-1, Figure 3-2) covering a
similar range to those reported for aerosol TOC 5 13C sampled throughout 2006-2007 at
the same sites (& 13C = -26 to -23%o; Wozniak Ph.D. dissertation, Chapter 2) and suggest
that fossil fuel and/or terrestrial biomass sources of aerosol TOC were predominant (e.g.,
Fry and Sherr, 1984; Schoell, 1984; Boutton, 1994; Lajtha and Marshall, 1994).
Radiocarbon analyses of these samples also showed a wide range of /1 14C values (/1 14C =
-448 to -39%o; Table 3-1, Figure 3-3) similar to the isotopically heterogeneous values
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reported in a more complete time series ofTOC at Harcum and Millbrook (Wozniak
Ph.D. dissertation, Chapter 2) and in previous studies (Hildemann et al., 1994; Klinedinst
and Currie, 1999; Bench 2004; Zheng et al., 2006; Ding et al., 2008). Radiocarbon
signatures for aerosol OC in air from the east coast ofNorth America can be used to
estimate contributions from fossil fuel and contemporary biogenic sources (see Wozniak
Ph.D. dissertation, Chapter 2, for a more complete description and justification of the
end-member values selected), and the TOC !l 14C data here suggest that fossil fuel-derived
OC contributes 5 to 50% of the aerosol TOC (Table 3-1), similar to the findings in the
larger set ofTOC !l 14C analyses conducted as part of this dissertation project (Wozniak
Ph.D. dissertation, Chapter 2). This wide range of contributions from fossil sources
demonstrates heterogeneity in the magnitudes of the contemporary and fossil sources of
aerosol TOC at the sites throughout the year.

Aerosol-derived water-soluble aerosol OC. b 13 C values of aerosol WSOC
spanned an almost identical range (-26.6 to -24. 7%o; Table 3-1; Figure 3-2) to those of
aerosol TOC (-26.5 to -24.4%o; Table 3-1; Figure 3-2), and fossil fuel and/or terrestrial C3
plant biomass sources can again be implicated as major sources of 13C-depleted OC to
these pools, with more

13

C-enriched sources such as C4 plant and marine autotrophic

biomass likely to be small (e.g., Fry and Sherr 1984; Schoell 1984; Boutton, 1994; Lajtha
and Marshall, 1994). The relatively few previous studies that have measured 8 13C of
WSOC have observed ranges generally attributable to terrestrial and fossil fuel sources
(-25.5 ± 0.6%o, Fisseha et al., 2006;- -23 to -25%o, Fisseha et al., 2009). In contrast to
the findings presented here, Fisseha et al. (2009) showed WSOC to be enriched in

13

C

relative to aerosol TOC by -2.5%o and attributed the enrichment to different sources for
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WSOC and the insoluble portion of TOC (water-insoluble OC = WIN SOC). SOAs are
commonly associated with WSOC (Mayol-Bracero et al., 2002; Weber et al., 2007; Ding
et al., 2008), and the oxidation reactions producing SOAs were postulated to result in an
isotopic fractionation leaving the newly formed and water-soluble SOAs enriched in Be
during equilibrium partitioning to the aerosol phase (Fisseha et al., 2009). In other
studies of aquatic dissolved organic carbon (DOC), photochemical alteration has been
observed to enrich the residual DOC in Be (Opsahl and Zepp, 2001), while the
photomineralized component (i.e., terminal oxidation products such as C02 and CO)
must be correspondingly depleted in Be. Similar photochemical mechanisms are also
expected to be operative in the atmosphere (e.g., Jang et al., 2004; Kanakidou et al.,
2005; Dommen et al., 2006) and may help account for some part of the previously
observed Be-enrichment of aerosol WSOC. Alternatively, the WIN SOC may have
included large amounts of insoluble lipid components such as aliphatic or aromatic OC,
which were both depleted in Be relative to other OC components in this study (Figure 32).
Radiocarbon analysis of aerosol WSOC, on the other hand, provides compelling
evidence for differences in the relative importance of fossil versus modern sources of
aerosol TOC and WSOC. This is in part due to the much larger dynamic range of/!:,. 14C
for potential sources in this study (~ -1,000 to + 1OO%o) compared to that for~ 13 C (~-30 to
-20%o), which adds significant sensitivity to isotope-based assessments. WSOC was
enriched in

14

Cby >100%o relative to TOC except in the cases ofthe May 14-16,2007

and August 10-12, 2007 samples from Millbrook (Table 3-1, Figure 3-3). These two
samples had the most

14

C-enriched TOC signatures, and TOC and WSOC 1!:,. 14C
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signatures were within -20%o of each other (Table 3-1, Figure 3-3). Relative to TOC
(.6. 14C = -448 to -39%o), the WSOC samples measured from Harcum and Millbrook were
all highly enriched and comparatively homogeneous in 14C (.6. 14C = -17 to +26%o; Table
3-1, Figure 3-3). Fossil carbon was estimated to account for 6 ± 1% (Table 3-2) of
aerosol WSOC in these samples. Using the fwsoc values (Table 3-1) for samples from
the present study we estimated the fossil contributions to WlNSOC (Table 3-1 ), which
revealed that this insoluble material is usually depleted in 14C with respect to both TOC
and WSOC. In fact, on average WSOC was enriched in 14C by >200%o relative to
WIN SOC (Table 3-1 ). Szidat et al. (2004) similarly calculated aerosol WSOC fossil
contributions (4-24% fossil OC) that were smaller than directly measured WlNSOC (3245% fossil OC) and TOC (16-33% fossil OC) suggesting that the majority of fossil OC
remains insoluble.
To my knowledge, only two other studies have directly measured radiocarbon
signatures of aerosol WSOC. Similar to the present study, those studies also found
contemporary biogenic material to be the predominant contributor to aerosol WSOC (1933% fossil, Weber et al., 2007; 0-25% fossil, Wozniak Ph.D. dissertation, Chapter 4).
Taken together, these findings suggest a fundamental difference in the solubility of fossilderived and contemporary biogenic-derived aerosol OC with fossil-derived aerosol OC
being considerably less soluble than contemporary biogenic material. WSOC is further
predicted to be the fraction of OC that is solubilized both pre- and post-depositionally by
rain and other surface waters into the dissolved organic carbon (DOC) pool and
mobilized in watersheds. DOC is typically regarded as more bioavailable to
heterotrophic bacteria than POC (Amarson and Keil2005), and the more contemporary
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WSOC is therefore predicted to contribute to secondary production to a greater extent
than the relatively more fossil-derived WINSOC. Even so, the small size of aerosols
(<1 0 11m; Warneck, 1988) suggests that such particles could be readily eroded and
transported through a watershed. Therefore, both fossil and biogenic sources of aerosol
OC could contribute to the riverine transport of OC. Finally, as demonstrated in Chapter
2 of this dissertation, the large wet-depositional flux of aerosol OCto systems such as the
Hudson and York River watersheds may predispose significant amounts of the aerosol
OC to the soluble phase prior to deposition, i.e., in rainwater.
t5 13C Signatures of Solvent Extractable Sub-Fractions ofAerosol OC
In comparison to aerosol TOC and WSOC, the total solvent extract, aliphatic,
aromatic, and polar OC sub-fractions all showed o13C signatures significantly depleted in
13

C (o 13C < -26%o, Table 3-1, Figure 3-2). Few aerosol studies oflipid compounds have

reported o13C values for both TOC and the lipid compounds or compound classes of
interest. However, similar to the results of the present study, major lipid compound
classes, as well as other compounds (alkanes, alkanols, alkanoic acids and lignin phenols)
extracted from dustfall collected from a buoy in the northeast Atlantic Ocean were
depleted in 13C relative to TOC (Eglinton et al., 2002). Likewise, studies examining the

o13C signatures of aerosol-derived aliphatic OC (alkanes; Sche:ful3 et al., 2003) and polar
OC components (fatty acids, Matsumoto et al., 2001, 2004; alkanols) have shown the
majority of o13C values for these compound classes to be < -26%o. In addition, the

13

C-

depleted aerosol lipid OC sub-fractions observed here are supported by previous studies
that have shown 0 13 C values in lipids of primary producers including C3 and C4 salt
marsh plant species (Benner et al., 1987; Canuel et al., 1997), seagrass (Canuel et al.,
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1997), and lipids from several terrestrial tree and plant species (e.g., alkanes, aldehydes,
fatty acids, sterols, lignin; Benner et al., 1987; Collister et al., 1994) to be depleted
compared to the TOC (Benner et al., 1987; Collister et al., 1994; Canuel et al., 1997).
Several studies have examined o 13C signatures of aerosol-derived polycyclic
aromatic hydrocarbons (P AH) - components of aromatic OC - and reported values
covered a broad range (-29 to -23%o; Okuda et al., 2002 & 2004; Reddy et al., 2002;
Mandalakis et al., 2005; Kumata et al., 2006). In contrast to aromatic OC in this study
(Table 3-1, Figure 3-2), literature P AH o Be signatures were not always Be-depleted
relative to the TOC (Reddy et al., 2002). However, the depleted o Be values for aromatic
OC reported here (-29.6 to -27.8%o) are closer to oBC values reported for PAHs from
European background sites (Mandalakis et al., 2005) than the slightly more enriched
values noted from suburban areas in Tokyo (Okuda et al., 2004) and from urban areas in
Washington, D.C. (Reddy et al., 2002) and China (Okuda et al., 2002). Okuda et al.
(2004) collected aerosol samples at lm, 10m, and 200m from a roadway in suburban
Tokyo and used these data to estimate the o Be value of PAHs from automotive exhaust
to range from -23.6 to -19.5%o. Thus, ifPAHs are representative of aromatic OC in
general, then the depleted oBC values for the aromatic sub-fraction observed in the
present study suggest that this fraction of aerosol OC is composed of more than
automotive-derived material exclusively.

Fossil vs. Biogenic Contributions to Solvent-extractable Sub-fractions
Total solvent extract !l. 14C values correlated well with TOC !l. 14C values (Figure
3-4; r = 0.95, p < 0.05) and had a slope (0.89 ± 0.20) that was not statistically different
than 1 (Student's t-test, p<0.05). This suggests that the total solvent extract is
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representative of the spectrum of modem versus fossil aerosol OC, despite not always
accounting for a majority of TOC (fsE = 0.432-0.908; Table 3-1 ). In contrast, total
solvent extract 8 13 C values were significantly depleted (one-way ANOVA, TukeyKramer post-hoc multiple comparisons test, p<0.05) with respect to o13C values of TOC
(Table 3-1) suggesting that the material in the solvent extract is composed of an
isotopically light sub-fraction of OC. As noted above, lipids often exhibit depleted 8 13C
values relative to total organic matter in plant material (Benner et al., 1987; Collister et
al., 1994; Canuel et al., 1997), and the total solvent extracts in this study may therefore
represent lipid contributions of both biogenic and fossil aerosol OC.
Aliphatic OC showed the lowest !1 14C values of all (-794 to -961 %o; Table 3-1,
Figure 3-3) and was on average 86% fossil-derived (Table 3-1 ). Alkanes are constituents
of aliphatic OC and are known to be derived from both fossil (Rogge et al., 1993a and c;
1997) and modem biogenic (Rogge et al., 1993b; 1998) sources. Alkanes are also
relatively abundant components of leaf abrasion products ( 13-19% OC; Rogge et al.,
1993b), but represent a relatively smaller fraction ofOC emissions from fossil fuel (13%; Rogge et al., 1993a and c; 1997) and wood combustion (<0.001%; Rogge et al.,
1998). Values for faiiphatic in the present study were always less than 0.01 (Table 3-1 ),
representing a very small contribution to aerosol TOC, consistent with combustion
emission estimates (Rogge et al, 1993 a and c; 1997; 1998). Thus, the data for aliphatic
aerosol OC at the Millbrook and Harcum sites on the east coast of the U.S. (Table 3-1,
Figure 3-3) provided here suggest that if alkanes are a representative component of
aliphatic OC, they _are largely fossil-derived and comprise a very small portion of the
total OC.
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Similar to aliphatic OC, aromatic OC comprised a small portion of aerosol TOC
(faromatic = 0.00343-0.0146; Table 3-1) and had a mean L\ 14C value of -444%o suggesting
that 48% of aromatic OC is derived from fossil sources (Table 3-2). Much ofthe
information from previous studies regarding aromatic OC involves studies of PAHs in
sediments and combustion emissions, which can have both contemporary biogenic (e.g.,
diagenetic processes, forest fires/biomass burning; e.g., LaFlamme and Hites, 1978;
Wakeham et al., 1980; Rogge et al.,. 1993b; 1998; Lima et al., 2005) and fossil-derived
(e.g., oil spills, fossil fuel combustion; LaFlamme and Hites, 1978; Tan and Heit, 1981;
Rogge et al., 1993a,c; 1997; Lima et al., 2005) sources. Several studies have examined
the radiocarbon content of aerosol-derived PAHs, and have reported L\ 14C values ranging
from -381 %o at a background site in Sweden (Mandalakis et al., 2005) to < -900%o for a
background site in Greece (Mandalakis et al., 2005) and for urban aerosols from
Washington, D.C. (Reddy et al., 2002). The enriched 14C values found in Sweden
correspond to a 43% fossil contribution and were attributed to large contributions from
biomass burning sources (Mandalakis et al., 2005).
The L\ 14C signature of the aromatic fraction reported here for the May 14-16, 2007
Millbrook sampling was highly enriched relative to the other samples (Table 3-1, Figure
3-3) revealing significant isotopic heterogeneity within the aromatic OC fraction at
different sampling times. This sampling date also showed a relatively

14

C-enriched

14

aerosol TOC L\ C value (-39%o) that was influenced by the high contributions from
pollen (personal observation) readily observable on the aerosol filter. While not major
contributors to pollen, aromatic compounds have been identified as pollen constituents
(Guilford et al., 1988; Watson et al., 2007; Schulte et al., 2008), however, the high
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abundance of pollen in this sample may help explain the elevated 1:! 14C signature for the
aromatic fraction (Table 3-1, Figure 3-3). This pollen-influenced sample further
illustrates the large variations in the relative magnitudes of fossil and contemporary
aromatic OC sources. Nonetheless, even with this sample included in the calculations,
aromatic OC was on average 48% (/l 14C = -444%o) fossil-derived within the range of
estimates for fossil contributions to PAHs reported elsewhere (43-97% fossil-derived;
Reddy et al., 2002; Mandalakis et al., 2005) and in line with the estimate for PAHs from
a background site in Sweden (43% fossil-derived; Mandalakis et al., 2005).
The relatively high fpolar values (0.039-0.249) as compared to faromatic and faliphatic
(<0.01; Table 3-1) demonstrates the proportionally larger contribution of polar
compounds to the total solvent extract and to TOC and is consistent with previous
findings noting the large contributions of acidic species to SOAs and WSOC (e.g.,
Mayol-Bracero et al., 2002; Yang et al., 2004; Yu et al., 2005). On average, polar OC
was comprised of approximately 30% fossil OC (Table 3-2), though this estimate is
heavily influenced by the March 7-10, 2007 (Table 3-1, Figure 3-3) Millbrook sampling
when 77% of the polar OC was fossil-derived. This sample had the most depleted TOC
14

/l C (Table 3-1, Figure 3-3) of all the samples, and the large contribution of fossil OCto

the sample must also have included a large contribution from polar OC. It thus appears
that polar OC can at times be dominated by fossil sources, again demonstrating the
isotopic heterogeneity ofthese operationally-defined OC sub-fractions. In this instance,
it is instructive to observe that the median polar OC 1:! 14C value was -168%o, reflecting a
22% contribution from fossil OC. Thus, it appears that with the exception of the March
sampling date, aerosol polar OC ordinarily has a larger biomass influence than aromatic
118
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and aliphatic OC. Future work on aerosol OC could benefit from a close examination of
the factors controlling the apparent large fossil contributions to polar OC.
Excluding the March 2007 sample, polar OC shows lower fossil contributions
compared to the aliphatic and aromatic fractions (Table 3-2), similar to findings from
compound-specific radiocarbon analyses of alkanols (l\ 14C = -80.8%o, 14% fossil;
Eglinton et al., 2002) and fatty acids (l\ 14C = -518 to +407%o, 0-55% fossil; Matsumoto et
al., 2001, 2004). Alkanols and fatty acids are components of polar OC that were found to
be relatively enriched in 14C compared to aromatic and aliphatic OC (Table 3-1 ).
Secondary organic aerosols (SOAs) containing hydroxyl or carboxylic acid
functionalities (e.g., Edney et al., 2003; Kanakidou et al., 2005 and references therein)
may also represent a portion of the polar OC. SOAs form via reactions of biogenic (e.g.,
Gao et al., 2004; Kanakidou et al., 2005 and references therein; Bhat and Fraser, 2007)
and anthropogenic (e.g., Odum et al., 1997; Kleindeinst et al., 1999, 2003; Kanakidou et
al., 2005 and references therein; Song et al., 2007) precursor volatile organic compounds
(VOC) that react with hydroxyl and nitrate ions or ozone to form compounds that
partition to the aerosols. SOAs have been characterized at the molecular level as being
highly oxygenated and having acidic functional groups (e.g., Gao et al., 2004; Kalberer et
al., 2004; Heaton et al., 2007; Zhang et al., 2007) that would likely be extracted with
14

polar OC. Weber et al., (2007) used WSOC as a proxy for SOA and measured L\ C
values for WSOC reflecting only a 20-30% fossil contribution despite positive
correlations of WSOC and automotive tracer compounds. This suggests that even in
heavily anthropogenically-influenced air, WSOC (and by proxy, SOA) is largely-derived
from biogenic VOCs. The L\ 14C data presented here for WSOC (Table 1-2, Figure 3-3)
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also reflect large contributions from contemporary material. Thus, biogenic SOAs may
represent a considerable source to both WSOC and polar OC.
Currie et al. (1997) examined the radiocarbon content of aerosol TOC along with
operationally-defined aliphatic, polar, and aromatic sub-fractions of aerosol OC. In that
study, NIST SRM 1649, a standard reference material composed of urban particles
collected in Washington, D.C., was analyzed for radiocarbon content ofTOC and various
OC sub-fractions and similar findings (Table 3-2) to those described here for the
Millbrook and Harcum rural sites (Table 3-1; Figure 3-3) were observed. That is,
aliphatic OC represented the highest contribution from fossil fuel-derived sources
followed by aromatic OC then polar OC. However, in contrast to the present study,
Currie et al. (1997) found 70% of polar OC to be fossil-derived (Table 3-2), and in
general fossil contributions in the present study were lower than found for SRM 1649
(Table 3-2; Currie et al., 1997) reflecting possible differences inherent to urban and rural
sites.

Summary of Major Findings
The data presented in this study build on the work of Currie et al. (1997) to
understand the distribution of fossil aerosol OC within several operationally-defined
compound groups. Fossil emissions ofOC appear to take the form of insoluble
compounds such as aromatic and aliphatic compounds, while aerosol OC derived from
contemporary biomass is more likely to be soluble in water as reflected by the lower
fossil contributions to WSOC and polar OC (Table 3-2). Some fossil OC is soluble in
water accounting for a mean 6% of WSOC (Table 3-2) in this study and up to 30% ofi
WSOC in other studies (Weber et al., 2007; Wozniak Ph.D. dissertation, Chapter 4) and
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may be efficiently moved through watersheds with precipitation. However, more often
fossil-derived aerosol OC is insoluble suggesting its contribution to aquatic systems is
dependent on the erodibility of aerosol particles from within a watershed. Given the
small size of aerosol particles (<1 0 J.lm, Wameck, 1988), this insoluble OC may also be
efficiently transported through watersheds. Future work will need to determine the
relative erodibility and mobility of these particles.
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Table 3-1. Isotopic and carbonaceous characteristics of selected aerosol WSOC samples colnected for detailed isotopic analyses. All
isotopic values were corrected for blank contributions following procedures outlined in the text.
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Table 3-2. Mean percent(%) contributions of contemporary and fossil OC reported for TOC and various sub-fractions of OC for all
samples collected from the rural Millbrook and Harcum sites in this study. Also presented are values for urban aerosol (SRM-1941) from
Currie et al., (1997).
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Contemporary OC values were calculated from "Modem-C" values which were not originally cmTected for the 42% excess 14 C abundance in the
1973 (date of sample collection in Currie et al., 1997 study) atmosphere due to nuclear testing . As a result, the "Modem-C" values from Currie et
al., (1997) were divided by 1.42 to obtain Contemporary OC values presented here as
Contemporary OC (%) = Modern-C (% )/ 1.42. Refer to text for additional details.
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Figure 3-1. Methodological flow diagram for total organic carbon (TOC), water-soluble
organic carbon (WSOC), and solvent-extractable aerosol OC components and subfractions used for isotopic characterization as part of the present study. See Methods for
additional details.
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PolarOC

Figure 3-2. &13 C signatures of aerosol TOC, WSOC, total solvent extractable OC, and
aliphatic aromatic, and polar OC sub-fractions of the solvent extract in aerosol samples
collected at Harcum, VA and Millbrook, NY in winter, spring, and summer of 2007.
Each data point represents measurement of a single sample.

-24

"

'il

-25
"Q'

?fe.
'..-'

u

.(f")

1=1

c,Q

-26

.

v

(J

"

e
111!1

0

0

.,

v

[]

-27

0

i:J

[]

1!1

0

-28

~

0

v

-29
-30

u

u

0

0

E-t

r/1

~

g

~

I:I:J
.......

~
v;;:..

0

.
..

I

.......

e
v

0

<.)

•.;:::J

•.;:::J

·~

C\S

....

~
;.:=

~

<(

-

a
0

·~

0
r/1

8

Millbrook, NY winter

•

Millbrook, NY spring

Y

Millbrook, NY summer

0

Harcum, VA winter

D

Harcum, VA spring

\1

Harcum, VA summer

136

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Figure 3-3. ~ 14 C signatures of aerosol TOC, WSOC, total solvent extractable OC, and
aliphatic aromatic, and polar OC sub-fractions of the solvent extract collected at Harcum,
VA and Millbrook, NY in winter, spring, and summer of 2007. Each data point
represents measurement of a single sample.
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Figure 3-4. Relationship between TOC tJ. 14C and total solvent extract (SE) tJ. 14C for
aerosol samples collected from Harcum and Millbrook sites. Line and equation represent
best-fit linear correlation.
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CHAPTER4
CHARACTERIZATION OF AEROSOL WATER-SOLUBLE ORGANIC CARBON IN
THE EASTERN UNITED STATES
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ABSTRACT

The water soluble organic carbon (WSOC) component of aerosol samples
collected from Millbrook, NY and Harcum, VA throughout 2006-2007 was analyzed to
assess its production, quantities and sources (i.e., fossil vs. contemporary biomass).
WSOC represented an average of 22 ± 2% and 19 ± 2% of total aerosol organic carbon
(OC) at Millbrook and Harcum, respectively. Desorption experiments revealed that
aerosol WSOC desorbs following either single-phase kinetics with one homogeneous,
rapidly desorbing pool or biphasic kinetics with one rapidly desorbing pool and one more
slowly desorbing pool. The majority (>85%) of WSOC was desorbed within the first 15
minutes of immersion in water, suggesting that it can be rapidly incorporated into
rainwater pre-depositionally or with surface waters post-depositionally and transported
through watersheds. Radiocarbon measurements revealed that on average 12 ± 4% and
14 ± 2% of aerosol WSOC from Millbrook and Harcum, respectively, was derived from
fossil sources. By contrast, mass balance calculations revealed water insoluble organic
carbon to have significantly greater fossil c·ontributions than WSOC. These findings
indicate that contemporary and fossil-derived aerosol OC partition differently into soluble
and insoluble phases. Contemporary biogenic aerosol OC is preferentially incorporated
into the aqueous phase and may be transported relatively rapidly through watersheds and
aquatic systems. In contrast, the more highly aged and fossil aerosol component is
predicted to remain in particulate form, and its transport is dependent on the erodibility of
aerosol fine particulates.
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INTRODUCTION AND BACKGROUND

Emissions-based studies estimate that -40 to 115 Tg yr- 1 (Penner et al., 1993;
Koch, 2001; Bond et al., 2004) oftotal organic carbon (TOC =organic carbon, OC +
black carbon, BC) are emitted to the atmosphere on an annual basis. In the atmosphere,
aerosols and aerosol TOC have important impacts on climate via the so-called direct
effect through scattering and absorption of solar radiation and reduction of outgoing longwave terrestrial radiation (e.g., Ramanathan et al., 2001; Satheesh and Moorthy, 2005;
Highwood and Kinnersley, 2006). Additionally, hygroscopic aerosol TOC forms cloud
condensation nuclei (CCN), and these CCN play an important role by having an indirect
effect on climate (Toon, 2000; Ramanathan et al., 2001; Lohmann and Feichter, 2005).
When CCN grow large enough, precipitation (rain, snow, etc.) occurs, however, with an
increase in CCN number the average size of CCN may decrease such that precipitation
does not occur (Toon, 2000; Ramanathan et al., 2001; Lohmann and Feichter, 2005).
Aerosols have also been documented to have negative impacts on human health causing
cardiovascular and respiratory problems (Davidson et al., 2005; Highwood and
Kinnersley, 2006; Pope et al., 2009), and are known to impair visibility (Charlson, 1969;
Jacobson et al., 2000). Ecosystem health can also be compromised via the transport and
deposition of persistent organic pollutants by aerosols (e.g., Dickhut et al., 2000; Jurado
et al., 2004).
Aerosols also deliver potentially significant fluxes of OC between the
atmosphere, land, and aquatic settings (e.g., rivers, lakes, estuaries, the coastal ocean;
Likens et al., 1983; Velinsky et al., 1986; Wozniak Ph.D dissertation, Chapter 2), and are
increasingly recognized as being potentially important in biogeochemical cycles. Field
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studies have shown concentrations of aerosol TOC ranging from~ 1-10 J.tg m-3 in rural
and background sites (e.g., Wolffet al., 1986; Maim et al., 1994; Sunder Raman et al.,
2008; Wozniak Ph.D. dissertation, Chapter 2), with higher concentrations in urban areas
and near motorways and industrial sources (up to ~45 J.tg m-3; e.g., Wolff et al., 1982; Fan
et al., 2004 and references therein; Novakov et al., 2005 and references therein; Wang et
al., 2006). Such concentrations lead to estimates of watershed-scale aerosol OC total (dry
plus wet deposition) deposition that are comparable in magnitude to riverine export of
TOC (Velinsky et al., 1986; Wozniak Ph.D dissertation, Chapter 2).
Anthropogenic fossil fuel (e.g., coal, oil, natural gas) and contemporary biogenic
emissions (e.g., natural plant emissions, biomass burning) are the two major sources of
aerosol TOC to the atmosphere on the east coast ofNorth America (Maim et al., 1994;
Bond et al., 2004; Lewis et al., 2004). Radiocarbon analyses of aerosol TOC suggest that
fossil fuel sources can account for 0 to 80% of aerosol TOC (e.g., Hildemann et al., 1994;
Klinedinst and Currie, 1999; Bench 2004; Zheng et al., 2006; Ding et al., 2008; Wozniak
Ph.D dissertation, Chapter 2). While definitive studies have yet to be conducted, aerosol
TOC may remain within the terrestrial realm and be incorporated into soils, or respired
by microbes and reintroduced to the atmosphere as carbon dioxide. Alternatively, aerosol
OC may also be transported through watersheds in particulate or dissolved form where it
may be deposited in sediments, utilized by heterotrophs, or exported.
The water-soluble component of aerosol OC (water-soluble OC, WSOC) may be
transferred relatively efficiently with surface and rain waters and be subjected to different
processes and fates than solid-phase aerosol OC. Aerosol WSOC has also been found to
be relevant to climate as it aids in the formation of CCN contributing to the indirect effect
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on climate (Toon, 2000; Ramanathan et al., 2001; Lohmann and Feichter, 2005). As a
result, considerable work has been conducted to date to characterize the quantities and
molecular composition of WSOC. Aerosol WSOC has been found to constitute between
9 and 75% ofTOC (e.g., Zappoli et al., 1999; Ruellen and Cachier, 2001; Yang et al.,
2004; Ding et al., 2008) and to be dominated by highly oxygenated, acidic species such
as mono- and di- carboxylic acids and polyconjugated acids, sometimes referred to as
humic-like substances (e.g., Yu et al., 2005; Sannigrahi et al., 2006; Sullivan and Weber,
2006; Wozniak et al., 2008).
Despite efforts to characterize the quantities and molecular composition of aerosol
WSOC, little is known about the equilibrium partitioning and desorption kinetics of
WSOC between aerosols and the aqueous phase, or of the contributions to aerosolderived WSOC from different aged components. This information will help establish the
potential importance of WSOC to the biogeochemical cycling of organic materials in
atmospheric, terrestrial, and aquatic systems. In addition, determination of how much
WSOC is derived from fossil vs. contemporary sources would also enable a unique
estimate of post-industrial anthropogenic contributions to WSOC.
Laboratory measurements have shown that soot (Decesari et al., 2002; Khalizov
et al., 2009) and other model hydrophobic (Petters et al., 2006) aerosol components attain
greater hydrophilic character upon oxidation, suggesting one possible pathway for
WSOC production from normally hydrophobic fossil fuel components (i.e.,
hydrocarbons). Furthermore, field-based measurements have shown positive correlations
between WSOC concentrations and chemical tracers of urban plumes (e.g., acetylene and
isopropyl nitrate, de Gouw et al., 2005; acetylene and carbon monoxide, Weber et al.,
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2007), suggesting that increases in fossil fuel-derived aerosol emissions may result in
increased WSOC and possibly fossil forms of WSOC. Radiocarbon measurements of
water-insoluble OC (WINSOC) and WSOC suggest that fossil fuel-derived OC can
account for up to 30% of aerosol WSOC (Szidat et al., 2004; Weber et al., 2007;
Wozniak et al., 2008; Wozniak Ph.D dissertation, Chapter 3). However, additional work
is needed to more fully investigate these contributions to WSOC and to establish its
temporal and regional patterns of variability.
In the present study, aerosols were collected from two watersheds along the east
coast of United States, and laboratory-based experiments were then conducted on the
collected material to establish the rates at which WSOC is released from aerosols into the
aqueous phase in order to better understand the transition of OC from aerosols into the
aqueous phase and whether this transition is relevant on time scales important to
biogeochemical cycling. Radiocarbon measurements were also made on the aerosol
WSOC in order to evaluate the contributions of fossil fuel-derived vs. contemporaryderived OC to aerosol WSOC and examine the relationship between WSOC and bulk
aerosol ages and sources.
METHODS

Study Sites
Established atmospheric monitoring sites in Millbrook, NY (the Cary Institute of
Ecosystem Studies Environmental Monitoring Station;
http://www.ecostudies.org/emp purp.html) and Harcum, VA (the National Atmospheric
Deposition Program (NADP) site (VA98));
http://nadp.sws.uiuc.edu/sites/siteinfo.asp?net=N1N&id=VA98) were selected for
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aerosol collections (Figure 4-1 ). These sites are located in predominantly forested,
temperate watersheds along the Atlantic coast of the United States, a region of high
population density and higher-than-average fossil fuel consumption (National Research
Council2003). The two sites are located in rural environments and are at least 30 km
from sources of large-scale anthropogenic emissions, ensuring that aerosol samples were
not biased by nearby anthropogenic point sources.
Field Sampling
Twenty four-hour integrated high-volume aerosol samples (-0.8 m3 min- 1, -1,150
m3) were collected at both Millbrook, NY and Harcum, VA during 2006-2007 using
high-volume total suspended particulate (TSP) air samplers (Model GS231 0,
ThermoAndersen, Smyrna, GA). At Millbrook, daily 24-hour samples were collected
over four 5-day periods in May, August, and December 2006, and March 2007, and two
samples were collected over a three day period in May 2007 (Table 1). At Harcum,
samples were collected approximately twice each month from June 2006 until June 2007,
and the samples chosen for analysis are listed in Table 1. One sample collected in
Millbrook, NY (August 18-20, 2006) and one sample collected in Harcum, VA (January
24-26, 2007) were collected over 2-day periods at a higher volumetric flow rate (>4,000
m3, -1.7 m3 min. 1) in order to attain higher aerosol loadings.
Air was drawn through pre-ashed (3 hrs, 525°C) and pre-weighed high-purity
quartz microfibre filters (20.3 em x 25.4 em, nominal pore size 0.6 J..Lm; Whatman QM-A
grade) for collection of integrated aerosol particulate samples. Following collection,
filters were transferred to pre-ashed aluminum foil pouches and stored in the dark in
carefully cleaned air-tight polycarbonate desiccators maintained at a relative humidity of
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.:::; 10% until analysis. Filter blank samples were collected by transporting pre-ashed filters
to the field, briefly removing them from their aluminum foil pouches, placing them back
in the foil pouches, and finally into the air-tight polycarbonate desiccators in a manner
identical to aerosol samples.
WSOC Determination

In order to estimate the total amounts of extractable WSOC associated with
aerosols, plugs (1.90 em diameter) were taken in triplicate from the filters using a
stainless steel cork borer and placed in pre-baked (3 hrs, 525°C) 20 mL scintillation vials,
and 10 mL of high-purity, low-OC (< 10 fJM) Nanopure water was added. The samples
were covered with aluminum foil, capped, swirled gently, and stored capped at room
temperature

(~22-25°C)

in the dark for 8 hours to allow for WSOC desorption. We

cannot rule out that microbial activity may have affected the WSOC content over the 8
hour desorption period, however, it is unknown to what extent this may have occurred or
how this would have affected the concentrations or isotopic characteristics of WSOC.
The water-soluble extract was then filtered through a pre-combusted 25-mrn GF/F filter
(0.7 fJm nominal pore size) to obtain the operationally-defined WSOC fraction. 30 fJL of
high purity 10% HCl were added to the filtrates (pH ~2) which were then sparged for 3
min. to remove inorganic carbon. The sparging times chosen were evaluated previously
and found to remove 100% of the dissolved carbonates from the samples. The filtrates
were subsequently measured for WSOC on either a Shimadzu mod.el TOC-5000A or
TOC-VCSH analyzer using high temperature (680°C) Pt-catalyzed oxidation coupled to a ·
non-dispersive infrared gas detection of C02 •
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The mean sample response areas of three sample injections (coefficient of
variation < 1.5%) were calibrated to a standard curve using potassium hydrogen phthalate
as the standard to obtain micromolar values for WSOC. The average coefficient of
variation for triplicate WSOC measurements was 3%. On four occasions, samples were
re-analyzed in triplicate for WSOC in order to get an estimate of WSOC variability for
samples stored for different lengths of time, and the pooled standard error of the fraction
ofWSOC (fwsoc = [WSOC]/[OC]) for these replicate measurements was 0.07. The
source of this variability may be due to 1) heterogeneity in the aerosol organic carbon
content on the filters or 2) to the amount of storage time prior to analysis. Contributions
from the WSOC in core plugs of filter blanks were measured with each set of WSOC
analyses, and the mean of triplicate blank WSOC concentrations were subtracted from
sample concentrations measured on the same run. Mean blank WSOC contributions were
always less than 10 11M and on all occasions contributed less than 20% of the total

wsoc.
Soot collected from the exhaust of a diesel forklift (SRM-2975) was evaluated in
order to evaluate the WSOC content of a reference material with high black carbon (BC)
content (BC = 78% of TOC; Elmquist et al., 2006). Triplicate WSOC measurements on
this material were indistinguishable from filter blank WSOC.
Aerosol samples were also analyzed for the water-soluble nitrogen content
(WSTN, NOx, NH4 +, WSTN desorption) in an effort to understand the quantities and
desorption kinetics of the water-soluble nitrogenous component of aerosols. However,
these analyses were problematic due to possible analytical errors and are not discussed
here, but are presented in Appendix 3.
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Aerosol-Derived WSOC Desorption Kinetics
A series of experiments was conducted to investigate the rates of desorption of
aerosol WSOC from aerosols. Core plugs (n=l5) from a given QMA sample filter were
placed in each ofthree pre-baked (4 h, 525°C), 500 mL borosilicate brown bottles. 200
ml of low organic carbon water (<1 0 J.tM) was added to each bottle, and 10 mL subsamples were removed from each bottle for WSOC at t = 15, 30, 60, 120, 240, and 480
min. A 10 mL sample of the low carbon water was used as the to time point. Each subsample was immediately filtered through a pre-combusted 25-mm GF/F filter (0.7-J.tm
nominal pore size). 30 JlL of 10% HCl were added to the filtrate, and filtrates were
sparged for 3 min. to remove inorganic carbon and then measured for WSOC on either a
Shimadzu model TOC 5000a or TOC-VCSH as described above.

WSOC Isotopic Analysis
A subset of aerosol filter samples (Table 1) was also extracted for aerosol WSOC
isotopic(() 13 C and /1 14C) characterization. Between 5 and 78 filter plugs (3-53% of the
filter) were placed in 150 mL oflow-OC (<10 J.tM) Nanopure water in pre-baked (5 h,
525°C) borosilicate brown bottles and allowed to desorb WSOC for 8 hours in the dark,
after which they were filtered through pre-baked (5 h, 525°C) 0.7J.tm GF/F filters. The
number of filter plugs added to each bottle was based on the TOC content of the filters
assuming that 35% of the TOC was WSOC. The goal was to obtain a sample having 2:
~250

Jlg WSOC. The WSOC samples (~125 ml) were acidified to pH 2.5 with

phosphoric acid and sparged with pure helium for 10 minutes to remove inorganic
carbon. The sparging times chosen were evaluated previously and found to remove
100% of the dissolved carbonates from the samples. Samples were then saturated with
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pure oxygen and irradiated for 3 hours using a medium-pressure, high-energy (2400 W)
UV lamp (Raymond and Bauer, 2001 ).
C02 from the oxidized WSOC samples was then purified cryogenically and
isolated on a vacuum extraction line. The purified C02 was quantified using a calibrated
Baratron absolute pressure gauge (MKS industries), and collected in 6 mm Pyrex break
seal tubes. Samples ranged in size from 179 to 464 11g C. Standard organic compounds
(oxalic acid II [OX-II] and acetanilide) having known isotopic compositions(~ Cox-II =
14

285%o, 15 13Cox-II = -17.8%o and~ Cacetanilide = -1 OOO%o, 15 13Cacetanilide = -29.5%o) were
14

processed by the same procedures as the samples to assess any processing artifacts and
blanks. ~ 14C and 15 13C analyses of OX-II and acetanilide standards were within
measurement error of the known isotopic values of these two standards, and indicated
that WSOC oxidation and processing did not introduce artifacts and bias into the isotopic
measurements.
The purified C02 samples were submitted to the University of Arizona NSF
Accelerator Mass Spectrometry laboratory (Arizona) or the National Ocean Sciences
Accelerator Mass Spectrometry facility (NOSAMS) for isotopic analysis. A subsample
of the C02 was used for stable carbon isotopic (15 13 C) analysis by isotope ratio mass
spectrometry (IRMS) using an Optima IRMS at NOSAMS and a dual inlet Fisons
Optima IRMS at the University of Arizona. The 15 13C values are reported in delta
notation as the per mil (%o) differences from the standard PDB reference material.
Measurement error of 15 13C analyses performed at both NOSAMS and the University of
Arizona was ±0.1 %o. The remainder of the C02 from each sample was reduced to a
graphite target on Fe catalyst under H 2 gas for radiocarbon (~ 14 C) analysis by accelerator
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14

mass spectrometry (AMS). /1 C measurements were corrected for isotopic fractionation
using measured sample cS 13 C values and reported using the /1 14C convention (Stuiver and
Polach, 1977). AMS measurement errors averaged ± 6%o (n= 19).
The organic carbon content and isotopic signatures of filter blanks were assessed
by desorbing the WSOC for duplicate samples of 125 filter blank core plugs distributed
among three different pre-baked (5h, 525°C) bottles with 150 mL ofhigh purity
Nanopure water as was done for aerosol filter samples. The resultant blank WSOC was
then processed using the same procedures as for sample WSOC. The C02 from the
oxidation of the blank WSOC was combined to amass duplicate samples of 138 and 139
11g C for cS 13 C and /1 14C analyses. Filter blanks were found to contribute 1.14 ± 0.20 11g
WSOC per core plug with mean cS 13 C and /1 14C signatures of -29.7 ± 0.2%o (n=2) and603 ± 1%o (n=2), respectively. All sample isotopic values were corrected for filter blank
contributions as follows:
Xsample = (X measured - fblank

* Xblank)/fsample

(Eqn. 1)

14

where X is cS 13 C or /1 C, Xsample represents the corrected cS 13 C or /1 14C of aerosol WSOC,
14

Xmeasured is the cS 13C or /1 C measured for the sample including any contributions from
blank filter material, Xblank is the cS 13C or /1 14C of the blank filter material, fsample is the
fraction of the carbon measured for cS 13C or /1 14C analysis that is contributed by the
sample, and fblank is the fraction of the carbon measured for cS 13C or /1 14C analysis that can
be attributed to blank filter material. The mean fblank for all samples measured for isotopic
analysis was 0.10 and ranged from 0.02 to 0.35.

150

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Statistical Analysis
Student's t-tests were employed to test for differences in the overall mean fwsoc,

o13C, and~ 14C values between the two sites.

For the WSOC kinetics experiments, the

time series of fwsoc values for each experiment was plotted using Sigma Plot, and the
data were fit to one oftwo exponential models describing the desorption ofWSOC from
aerosols. The first model describes one rapidly desorbing pool of WSOC and is
parameterized as (Tao et al., 2000):
fwsoc

= fwsocsao(l-e·kl(AN)t)

(Eqn. 2)

where fwsocsatl represents the saturation value for fwsoc, k 1 is the mass transfer
coefficient (em min- 1), A is the area (cm2) of exposed filter added to each bottle, Vis the
volume (cm3) of low carbon water added to each bottle, and t represents the amount of
time that the sample was exposed to the low-OC water.
The second model of WSOC desorption describes aerosols characterized by both
a rapidly desorbing pool of WSOC and a slowly desorbing pool and is parameterized as
(Pignatello and Xing, 1996; Cao et al., 1999; Kan et al., 2000; Chai et al., 2007):
~
~
(1 -kl(AN)t) + 1WSOCsat2
~
( 1-e-k2(AN)t)
lWSOC
= lWSOCsatl -e

(Eqn. 3)

where fwsocsatl and k1 represent the same parameters as described for the rapidly
desorbed WSOC pool in Eqn. 1, fwsocsat2 represents the saturation value for fwsoc ofthe
slowly desorbed pool, and k2 is the mass transfer coefficient for the slowly desorbed
WSOC pool. For both model fits, the quantities k 1(AN) and k 2(AN) were constrained
such that only values between 0 and 1 were accepted in order to eliminate unrealistic
non-linear solutions.
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RESULTS

Aerosol/wsoc
Aerosol fractional WSOC (fwsoc = WSOC/OC) values at the Millbrook, NY and
Harcum, VA sampling sites ranged from 0.09 in May 2007 at Millbrook to 0.35 in
December 2006, also at Millbrook (Figure 4-2). There were no significant differences in
mean aerosol fwsoc between the two sites (Student's t-test, p>0.05; Millbrook mean
fwsoc = 0.22 ± 0.02, n=15; Harcum mean fwsoc = 0.19 ± 0.02, n=11; Figure 4-2).

WSOC Desorption Kinetics
For all aerosol WSOC desorption kinetics experiments, a minimum of70% and
an average of 87% of the total WSOC desorbed within the first 15 minutes (Figures 4-3a
and b). Five of the eight samples examined for WSOC kinetics demonstrated desorption
kinetics typical of one homogeneously desorbed pool of WSOC (Equation 2; Figure 43a), while the remaining three samples displayed kinetics indicative of two distinct pools
ofWSOC: one rapidly desorbed pool and one more slowly desorbed pool (Equation 3;
Figure 4-3b). Model fits for all samples had R2 values >0.96 (Table 4-2) and were
significant at the p< 0.05 level. The aerosol total fwsoc saturation values (total fwsocsat =
fwsocsatl + fwsocsat2 from Table 4-2) ranged from 0.17 (Harcum 1124-26/07; Table 4-2,
Figure 4-3b) to 0.45 (Harcum 811-2/06; Table 4-2, Figure 4-3a). For samples fitting
equation 3 (see Methods), mean fwsocsat for the rapidly desorbed pool ofWSOC (0.30 ±
0.03, n=8; Table 4-2) was significantly greater (Student's t-test, p<0.05) than fwsocsat for
the slowly desorbed pool (0.05 ± 0.02, n=3; Table 4-2). Similarly, mass transfer
coefficients for the rapidly desorbed (k 1) pool ofWSOC (mean k 1 = 0.66 ± 0.07 em
min- 1, n=8, range k 1 = 0.39-0.94 em min- 1; Table 4-2) were significantly greater
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(Student's t-test, p<0.05) than mass transfer coefficients for the slowly desorbed (k2) pool
1

of WSOC (mean k2 = 0.03 ± 0.01 em min- 1, n=3, range k2 = 0.01-0.05 em min- ; Table 42).

WSOC Isotopic Signatures
Aerosol WSOC o13C values (o 13Cwsoc) ranged from -27.6%o at Harcum in June
2006 to -21.1 %o in July 2006, also at Harcum (Table 4-3, Figure 4-4). At Millbrook, the
most enriched and depleted o13Cwsoc values were observed in March 2007 (-23.9%o;
Figure 4-4, Table 4-3) and May 2007 (-26.0%o; Table 4-3, Figure 4-4), respectively.
Mean aerosol o13 Cwsoc values were similar at both sites (Student's t-test, p>0.05), with

o13Cwsoc averaging -25.2 ± 0.2%o (n=9; Table 4-3, Figure 4-4) at Millbrook and -25.3 ±
0.6%o (n=lO; Table 4-3; Figure 4-4) at Harcum.
Millbrook and Harcum aerosol WSOC ~ 14C values (~ Cwsoc) were also similar,
14

with Student's t-test revealing no significant difference (p>0.05) in mean values
(Millbrook mean ~ 14 Cwsoc= -61 ± 42%o, n=9; Harcum mean ~ Cwsoc= -73 ± 17%o,

14

n=lO; Table 4-3, Figure 4-4) for the two sites. The most 14C-depleted values for WSOC
were observed in March 2007 at Millbrook (~ 14 Cwsoc= -196%o; Table 4-3, Figure 4-4)
and September 2006 at Harcum (~ 14 Cwsoc= -151 ± 31%o, n=2; Table 4-3, Figure 4-4).
The most 14C-enriched values were observed in December 2006 at Millbrook (~ Cwsoc
14

= 106 ± 51%o, n=2; Table 4-3, Figure 4-4) and March 2007 at Harcum (~ 14 Cwsoc= 2;
Table 4-3, Figure 4-4) and contained "bomb" carbon.
DISCUSSION

Atmospheric deposition of aerosol-derived OC to watersheds has been previously
demonstrated to be a potentially significant flux to watershed OC budgets (Likens et al.,
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1983; Velinsky et al., 1986; Wozniak, Ph.D. dissertation, Chapter 2). Aerosol WSOC
measurements from rural, background, and urban sites indicate that it typically comprises
~30-60%

of total aerosol OC (e.g., Kleefeld et al., 2001; Yang et al., 2004; Duarte et al.,

2007; Weber et al., 2007; Ding et al., 2008). Similarly, rainwater DOC concentrations of
between 50 and 21 0 11M have been found at continental sites (Willey et al., 2000 and
references therein; Raymond, 2005). Thus, significant quantities of aerosol OC are
soluble and are likely subjected to different fates than insoluble aerosol OC.
Recent studies have demonstrated that anthropogenic activities (e.g., fossil fuel
combustion) can account for a major component of aerosol OC in the present-day
atmosphere (e.g., Hildemann et al., 1994; Tanner et al., 2004; Ke et al., 2007; Ding et al.,
2008; Wozniak Ph.D dissertation, Chapter 2). However, considerably less work has
been conducted on the relative contributions of anthropogenic fossil fuel-derived and
biogenic aerosol OCto WSOC (Szidat et al., 2004; Weber et al., 2007). Even less is
known about the dynamics of. aerosol OC desorption into the aqueous phase, which is
critical for better understanding the time scale at which atmospherically deposited
components are transported through watersheds. Better characterizing the desorption
kinetics, quantities desorbed, and potential sources of aerosol-derived WSOC is therefore
critical for understanding the role of aerosol OC in biogeochemical cycles and budgets at
the atmosphere-land-water interface.
Aerosol fwsoc
Elevated fwsoc values have been previously observed at rural and background
sites (fwsoc = 0.70-0.75; Zappoli et al., 1999; Weber et al., 2007; Ding et al., 2008),
while lower fwsoc values have been observed in urban locales such as near roadways
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(fwsoc = 0.09; Ruellen and Cachier, 2001) and during the winter in large cities (e.g.,
Tokyo, Japan where fwsoc = 0.23; Kondo et al., 2007). Mean aerosol fwsoc values in the
present study (Harcum mean fwsoc = 0.19 ± 0.02, n=Il; Millbrook mean fwsoc = 0.22 ±
0.02, n=15; Figure 4-2) were on the low end of the range of reported values, despite
being measured from rural sites, demonstrating that there is significant variability in
fwsoc from various studies.
Chemical characterization of aerosol WSOC has shown it to consist of highly
oxygenated, polar compounds such as mono- and di-carboxylic acids and polyconjugated
acids (e.g.; Mayol-Bracero et al., 2002; Yang et al., 2004; Duarte et al., 2007; Wozniak et
al., 2008). Approximately half of WSOC compounds identified by gas chromatographymass spectrometry in aerosol OC from Amazonia were carboxylic acid species (MayolBracero et al., 2002), and 57-64% ofWSOC collected from a rural-coastal site in
Portugal was characterized as having acidic character (Duarte et al., 2007). The
prevalence of acidic species in WSOC has been attributed to contributions from
secondary organic aerosols (SOA) that form via oxidation reactions involving naturally
and anthropogenically emitted volatile organic compounds (VOC; Jang and Kamens et
al., 2001; Gao et al., 2004; Jaoui et al., 2005; Kanakidou et al., 2005). Smoldering (slow,
low temperature, flameless combustion of fuels) combustion products from biomass
burning have also been shown to be highly water-soluble (29-64% for redwood and
eucalyptus; Novakov and Corrigan, 1996) and have been implicated as major sources for
aerosols with a large WSOC component (Zappoli et al., 1999; Mayol-Bracero et al.,
2002). Given the generally soluble nature of SOAs and biomass burning products, the
low fwsoc values observed at Millbrook and Harcum (Figure 4-2) suggest that biomass
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burning and SOAs may be significant contributors to aerosol OC throughout the year, but
they are less important than other sources producing insoluble aerosol OC.

Desorption Kinetics of WSOC
Previous studies have examined the desorption kinetics of water-soluble organic
carbon and various organic contaminants from soils and river sediments (e.g.; Pignatello
and Xing, 1996; Cao et al., 1999; Kan et al., 2000; Tao, et al., 2000; Chai et al., 2007),
but to our knowledge there have been no previous studies of WSOC desorption kinetics
from aerosol particles. WSOC desorption kinetics for five of the eight WSOC samples
studied here were explained by a first-order linear differential equation describing the
rapid initial release of WSOC from aerosols into the aqueous phase with fwsoc
approaching saturation values over the time scale of the experiment (fwsocsat. Table 4-2,
Figure 4-3a).
For an additional three samples, the WSOC desorption kinetics were explained by
a biphasic first-order linear differential equation that describes two pools of WSOC
(Table 4-2; Figure 4-3b) that desorb at different rates. Similar desorption kinetics have
been found for hydrophobic contaminant compounds in sediments (Pignatello and Xing,
1996; Kan et al., 2000; Chai et al., 2007). The first pool of. aerosol WSOC (mean
fwsocsatl = 0.30 ± 0.03, n=8) is significantly larger than the second pool (mean fwsocsat2 =
0.05 ± 0.04, n=3) (Student's t-test, p<0.05; Table 4-2) and desorbs at a much faster rate
(Student's t-test, p<0.05, k 1 = 0.66 ± 0.07 em min·', n=8 vs. mean k2 = 0.03 ± 0.01 em
min·', n=3; Table 4-2). Studies of contaminant desorption from sediments that have been
described by a biphasic equation suggest that the more rapidly desorbing pool of the
contaminant represents a more mobile component that desorbs readily. These same
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studies also suggest that the second pool may represent a component that is trapped by an
efficient sorbent within the particle matrix of the sediments such as BC or clay
(Pignatello and Xing, 1996; Kan et al., 2000; Chai et al., 2007).
BC may be a significant component of aerosol TOC (e.g., Novakov et al., 2005,
and references therein) that could inhibit or slow desorption of aerosol WSOC by
trapping WSOC within its three-dimensional structure as has been suggested to occur for
organic contaminants in sediments (Pignatello and Xing, 1996; Kan et al., 2000; Chai et
al., 2007). BC data reported for other portions of this study (Wozniak Ph.D dissertation,
Chapter 2), however, do not support the role ofBC as a determinant ofbiphasic
desorption kinetics. Both of the samples from Millbrook demonstrating biphasic WSOC
desorption (Table 4-2) showed among the lowest contributions ofBC to TSP of all
samples, with one ofthe samples containing no measureable BC. The Har~um sample
that desorbed following biphasic kinetics showed fsc=0.014 ofTSP indicating that BC
could serve as an inhibitor to WSOC desorption in this sample. However, samples
following single-phase WSOC desorption kinetics also contained BC at levels
comparable to or higher than observed in this sample (Harcum 7/18-19/06, fsc = .0 14;
Millbrook 3/8-9/07, fsc = .046; Wozniak Ph.D dissertation, Chapter 2). The presence of
BC, therefore, does not appear to determine whether WSOC desorption follows biphasic
kinetics.
In several studies of sediments showing biphasic desorption kinetics, a single
compound was partitioned into fast and slow desorbing pools (Pignatello and Xing, 1996;
Kan et al., 2000; Chai et al., 2007). Because aerosol WSOC contains thousands of
compounds (Reemtsma et al., 2006; Wozniak Ph.D dissertation, Chapters 5 and 6), it is
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possible that the rapidly desorbing pool represents a group of distinct WSOC compounds
that desorbs readily, while the slowly desorbing pool could represent a class of
compounds that simply desorbs at much slower rates because of their chemical structure.
Alternatively, clays have been shown to serve as a matrix that slows desorption of
organic contaminants from sediments (Chai et al., 2007), and the more slowly desorbing
pool of WSOC may be inhibited by some inorganic components within aerosols that were
not measured here.
Regardless of the kinetic model used, aerosol WSOC clearly desorbs very rapidly,
with the majority

(~87%,

Figure 4-3) being desorbed within the first 15 minutes of

exposure to water. These findings suggest that during the course of a rain event lasting
longer than fifteen minutes, >85% of previously dry deposited aerosol-associated WSOC
may potentially desorb into the dissolved organic carbon (DOC) pool. In addition, these
findings illustrate how aerosol WSOC present in the atmosphere may be incorporated
into rainwater DOC. Thus, some portion of rainwater DOC may be comprised of
aerosols that desorb into rainwater as opposed to gas-phase atmospheric OC (Raymond,
2005; Jurado et al., 2008).
Using equations 2 and 3 (see Methods), half-lives (t112) for the two distinct pools
of aerosol WSOC may be calculated as:
t112pool 1 = (In 2)/(kiAN)

(Eqn. 4)

t112poo12 =(In 2)/(k2AN)

(Eqn. 5)

where t 112pool 1 and t 112pool 2 represent the time in minutes required for half of the WSOC in
rapidly and slowly desorbing pools, respectively, to be released from aerosols. Using the
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kt and k2 values from Table 4-2 and the experimental values for A and V, t112pooti equals
5.1 minutes while t112pool2 averages 135 minutes, or more than 2 hours (Table 4-2). Thus,
in considering the biogeochemical cycling of aerosol WSOC between the atmosphere and
watersheds, it is apparent that WSOC in the larger, more rapidly-desorbed pool is
biogeochemically active, but also that the smaller, more slowly desorbing pool of WSOC
that is released to the aqueous phase in the span of a few hours is biogeochemically
relevant as well.

Aerosol t5 13Cwsoc
Mean aerosol o13 Cwsoc values for both sites (Table 4-3; Figure 4-4) were
essentially identical and consistent with o13C values for both terrestrial C3 plant (~-23 to
-30, Fry and Sherr 1984; Boutton, 1994, Lajtha and Marshall, 1994) and fossil fuel (~-23
to -33; Y eh and Epstein, 1981; Schoell, 1984) total organic carbon (TOC) sources as was
found for TOC from the same sites during the study period (Wozniak, Ph.D dissertation,
Chapter 2). Similarly, o13 Cwsoc values for aerosols collected in Switzerland spanned a
range (o 13Cwsoc = ~ -23 to~ -25%o; Fisseha et al., 2009a) attributable to a combination of
fossil and terrestrial C3 plant sources, though contributions from marine (~-22 to -18%o,
Fry and Sherr, 1984; Boutton, 1994, Lajtha and Marshall, 1994) and/or terrestrial C4
plants (3 13 C~-14 to -1 O%o, Fry and Sherr, 1984; Boutton, 1994, Lajtha and Marshall,
1994) can not be ruled out for the more enriched values. Because terrestrial C3 plant and
fossil fuel3 13 C values overlap, it is not possible to distinguish between these two
potential OC sources using 5 13C exclusively, however, the data indicate that with the
exception of a single sample at the Harcum site in summer 2006 (o 13C = -21.1%o; Table
4-3, Figure 4-4a and b), marine (o 13C = ~ -22 to -18%o; Fry and Sherr, 1984; Boutton,
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1994; Lajtha and Marshall, 1994) or C4 plant (i5 13C = ~ -14 to -10%o; Fry and Sherr, 1984;
Boutton, 1994; Lajtha and Marshall, 1994) contributions were unlikely to be significant.
s13

u

C WSOC VS. d J3cWJNSOC
The majority of aerosol TOC measured in this study was not WSOC (Figure 4-2),

so it is instructive to examine isotopic signatures of aerosol WIN SOC to examine
potential differences in the sources to these two components of total aerosol OC. Using
the WSOC isotopic data (Table 4-4, Figures 4-4a and b) with fwsoc values and total
organic carbon (TOC) isotopic data (i5 13 Croc, /l Croc) measured for other parts of this
14

study (Table 4-4; Wozniak Ph.D dissertation, Chapter 2), i5 13 CwiNsoc and /l CwiNsoc
14

values were calculated for samples-for which both WSOC and TOC isotopic
measurements were available using the following equation:
XwrNsoc= (Xroc- fwsoc

* Xwsoc)/fwiNsoc

(Eqn. 6)
14

where XwiNsoc, Xroc, and Xwsoc are the isotopic values (i5 13C or /l C) for WINSOC,
TOC and WSOC, respectively, and fwiNsoc is the water-insoluble fraction ofTOC
(fwiNsoc = WINSOC/TOC = 1 - fwsoc).

i5 13Cw1Nsoc values calculated in this manner are plotted as a function of their
corresponding i5 13Cwsoc values in Figure 4-5. For the Millbrook samples, data were
scattered about the 1:1 line yielding no statistical differences (paired t-test, n=8, p>0.05)
between mean i5 13Cwsoc (-25.2 ± 0.7%o, n=8; Table 4-4, Figure 4-5) and mean i5 13CwiNsoc
(-25.1 ± 0.9%o, n=8; Table 4-4, Figure 4-5) values. In contrast, Harcum samples all fall
below the 1:1 line indicating that aerosol WSOC (mean() 13Cwsoc = -25.2 ± 0. 7%o, n=8;
Table 4-4, Figure 4-5) was significantly (paired t-test, n=8, p<0.05) depleted in 13C
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relative to aerosol WINSOC (mean o13 CwJNsoc = -22.8 ± 0.7%o, n=8; Table 4-4, Figure
4-5) in every case. While mean <> 13Cwsoc and () 13 Cw1Nsoc values were not significantly
different at Millbrook, () 13Cwsoc values for individual samples were nonetheless in some
cases greater than o13 CwJNSOC (Table 4-4, Figure 4-5).
Components of aerosol OC have been found to show oBe values that differ from
those of their corresponding source materials (Ballentine et al., 1996; Turekian et al.,
1998; Fisseha et al., 2009b) and from aerosol TOC (Eglinton et al., 2002; Fisseha et al.,
2009a and b). At least three factors may produce differences in aerosol o13C values:
1) differences in the relative abundance oflipid and non-lipid components, 2) equilibrium

isotopic fractionation related to gas-particle partitioning of low vapor pressure
compounds, and 3) kinetic isotopic fractionation related to the formation of SO As from
VOCs. Each of these possibilities will be examined in relation to the () 13Cwsoc and
()

13

CwiNsoc values presented here (Table 4-4, Figure 4-5).
Plant lipid compounds (e.g., alkanes, alkenes, fatty acids, sterols; Benner et al.,

1987; Collister et al., 1994; Canuel et al., 1997) are consistently depleted in 13C with
respect to () BC1 oc, and alkanes, alkanols, and alkanoic acids in aerosols have also shown
Be depletion in lipids with respect to aerosol () 13C 1 oc (Eglinton et al., 2002). Similarly,
aerosol, aliphatic, aromatic, and polar OC from Millbrook and Harcum were all depleted
in Be relative to both WSOC and TOC (Wozniak Ph.D dissertation, Chapter 3).
However, lipid compounds are generally considered to have very low solubility in water
and therefore o13 Cw1Nsoc values would be expected to be depleted relative to oBCwsoc.
This is the opposite pattern from what was observed for Harcum aerosols (Table 4-4,
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Figure 4-5). Thus, lipid compounds can likely be ruled out as being a major source of
differences in 8 Bewsoc and 8 13 ewJNsoc values.
In a study conducted in Switzerland, aerosol WSOe (8 BCwsoc = ~ -25 to
~ -23%o; Fisseha et al., 2009a) was enriched in Be relative to both total carbon (Te,

o 13eTc= ~ -27 to -26%o; Fisseha et al., 2009a) and WINSOe (oBewiNsoc = ~ -29.5 to
-27%o; Fisseha et al., 2009a). In that study the authors suggested that the Be-enriched
WSOe may have resulted from an equilibrium fractionation effect associated with gasparticle partitioning of low vapor pressure compounds such that the lighter isotope is
preferentially accumulated in the gas phase leading to the Be-enrichment of aerosol
WSOC. However, this equilibrium isotopic effect would again be predicted to result in
enriched() 13Cwsoc values. In contrast, the () Bewsoc findings for Harcum were depleted
relative to () 13ew1Nsoc and therefore an equilibrium isotopic fractionation effect does not
appear to be a major factor in Harcum aerosol oBewsoc values.
Much of aerosol WSOe is thought to be SOA formed via the oxidation ofVOe
precursor compounds (Miyazaki et al., 2006; Weber et al., 2007; Ding et al., 2008).
During this process, 12C (due to its lower mass) reacts more rapidly than Be producing a
kinetic isotope effect in which the products of a reaction are depleted in 13 e with respect
to the reactants (e.g., Hayes 1993). Provided that VOes and WINSOe have similar
isotopic compositions, the pool of product SOA compounds, much of which is presumed
to be WSOC (Miyazaki et al., 2006; Weber et al., 2007; Ding et al., 2008), is predicted to
be depleted in Be relative to WINSOe as well. Therefore kinetic isotopic fractionations
associated with SOA formation reactions could produce the observed differences in
oBewsoc and o 13ewrNsoc in Harcum aerosols. Studies examining voe and source oBe
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values have shown both enrichments (Rudolph et al., 2002) and depletions (Affek and
Yakir, 2003) in VOC 8 13 C values relative to their sources. While a better understanding
of the

13

C fractionations during the emission of biogenic and anthropogenically-derived

VOCs is needed to better constrain the processes leading to aerosol SOA 8 13 C values, the
kinetic isotope effect during SOA formation may explain the differences in 8 13 Cwsoc and
8 13Cw1Nsoc values similar to those observed at Harcum.
In contrast to Harcum aerosols, 8 13 Cw1Nsocvalues ofMillbrook aerosols were
depleted relative to o13 Cwsoc (Table 4-4, Figure 4-5) on occasion; an abundance of lipids
and/or equilibrium isotopic fractionation associated with gas-particle partitioning might
explain the depleted 8 13 CwiNsoc values observed for those samples. It may be that all
three (and possibly more) ofthe factors leading to differences in o13Cwsoc and o13 CwiNSOC
values are operating in the atmosphere concurrently. For Harcum aerosols, the balance of
these factors lead to depleted o13Cwsoc, but this pattern did not occur in Millbrook
aerosols.

Fossil and Contemporary Sources ofAerosol WSOC
Fossil and contemporary biogenic aerosol OC sources have distinct~ 14C
14
14
signatures(~ Crossii fuel= -1 ,000%o, fM = 0; ~ Ccontemporary = ~ 70%o, fM

=

1), with a large

range in characteristic values (i.e., > 1,OOO%o) that generally circumvent interpretations
based on the much smaller ranges in 8 13 C signatures that can become further complicated
by the isotopic fractionations described above. As a result, for samples in which fossil
fuels and terrestrial C3 biomass are the dominant sources to aerosol OC, radiocarbon
signatures may be employed as an effective tracer for delineating the fossil (e.g.,
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combustion of coal, oil, gas, etc.) and contemporary biogenic (e.g., biomass burning,
natural biomass emissions) components.
With respect to the above assumption, soil OC represents a potential source to
aerosols that has a variable and potentially confounding ~ 14C source signature. For
example, soil OC from agricultural (Rethemeyer et al., 2005), grassland (Wang et al.,
1996; Rethemeyer et al., 2005), and forest soils (Trumbore, 1993; Wang et al., 1996;
Richter et al., 1999) is composed primarily, but not entirely, of contemporary biogenic
material, while desert soils (Wang et al., 1996) can be highly

aged~

-20 kyr BP) and

depleted in 14C (~ 14C =- -900), though not as depleted as fossil fuels (i.e., ~ 14C

=

-1 ,OOO%o ). Soils, however, have been found to be a minor constituent of aerosol fine
particulate matter on the east coast ofNorth America (5-10% ofTSP; Malm et al., 2004)
and typically have a low OC content (foc<0.05; Trumbore, 1993; Li et al., 1994;
Stevenson and Cole, 1999; Rethemeyer et al., 2005) relative to aerosols (foc-0.17;
Wozniak Ph.D dissertation, Chapter 2). On this basis, we assume that contributions from
soil OC may be ignored as potential sources to both aerosol OC and aerosol-derived
WSOC on the east coast ofNorth America, and that radiocarbon signatures can be used
to determine relative contributions solely from fossil fuel and contemporary biogenic
aerosol OC sources.
14

!:1 C values can be converted to fraction modem (Fm) notation where "modem" is

defined as 95% of the radiocarbon concentration contained in the internationally
recognized Oxalic I standard in the year 1950 (Olsson 1970). The Fm convention
normalizes radiocarbon signatures to the amount of 14C present in the atmosphere in the
year 1950 and must be adjusted to calculate the percent contribution from fossil and
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contemporary biogenic sources. Lewis et al. (2004) assumed that contemporary aerosol
OC was likely to be derived from carbon fixed from present-day atmospheric C02rather
than, for example, from biomass fixed over the potentially decades-long lifespan of a
tree. These workers therefore divided Fm by a factor of 1.08, a value corresponding to the

Fm of contemporary atmospheric C02. Here, this same conversion is applied to calculate
the % contemporary contribution to aerosol WSOC following the assumption that
biogenic sources to aerosol WSOC will come primarily from newly formed biomass as
opposed to biomass formed over the lifetime oflong-lived vegetation. The percentage of
fossil contributions can then be calculated using the assumption that aerosol total OC is
the sum of fossil and contemporary OC contributions (i.e. % fossil OC = 100% - %
contemporary OC). AMS measurement errors ranged between 3%o and 11 %o
corresponding to differences of ~30-120 years in terms of the date the OC was fixed.
Thus, the AMS measurement error exceeds any difference between the !::.. 14C values of
newly produced biomass and biomass produced over the lifespan of a given tree thereby
further validating this approach.
14

Hsueh et al. (2007) measured !::.. C in com leaves and found !::.. 14C signatures as
low as -55.2%o (or Fm = 1.06) in areas (Ohio-Maryland region) influenced more heavily
by fossil fuel-derived C02. This finding suggests that the contemporary atmospheric C02
and biomass end-member for determining contributions of contemporary vs. fossil OC to
aerosol OC (including WSOC) may be as low as Fm=1.06. Using this value to calculate
contributions from fossil and contemporary OC resulted in contemporary OC
contributions that were 0 to 2% higher than those calculated using Fm=l.08 as the
contemporary end-member. As a result, the inherent variability in the fractional
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contributions estimated here must also include the uncertainty in this contemporary endmember .
.11 14C values of WSOC in the present study indicate that it was composed

primarily of contemporary-aged material. For Millbrook, fossil contributions to aerosol
WSOC ranged from 0% for samples collected in fall 2006 to 25% for a sample collected
in winter 2007 (Figure 4-4a). For Harcum, WSOC fossil contributions ranged from 7%
for a sample collected during winter 2007 to 21% for a sample collected in fall 2006
14

(Figure 4-4b). Overall mean /1 Cwsoc values for each site suggest that WSOC fossil
contributions were 12 ± 4 and 14 ± 2% throughout the year at Milllbrook (mean
14

.11 14Cwsoc = -61 ± 42%o, n=9; Table 4-3, Figure 4-4a) and Harcum (mean .11 Cwsoc = -73

± 17%o, n=lO, Table 4-3, Figure 4-4b), respectively, with no apparent seasonal patterns.
Fossil carbon contributions to WSOC reported in previous studies conducted at
urban sites (9-24% fossil OC; Szidat et al., 2004; 20-30% fossil OC, Weber et al., 2007;
<8% fossil OC, Wozniak Ph.D dissertation, Chapter 2) were similar to those found in the
present study indicating that aerosol WSOC is dominated by contemporary-aged
material. Despite the smaller relative contributions of fossil OC to WSOC in this and
other studies (Table 4-3, Figure 4-4; Szidat et al., 2004; Weber et al., 2007; Wozniak
Ph.D dissertation, Chapter 2), the data suggest that some portion of fossil-derived aerosol
OC is still comprised of the potentially more biologically available WSOC fraction of
aerosol OC providing a mechanism for fossil fuel-derived OCto be transported through
watersheds and contribute to heterotrophic processes in aquatic systems.
In apparent contrast to the relatively small contributions of fossil OC found in the
present study (Tables 3 and 4, Figures 4-4 and 4-6) and elsewhere (Szidat et al., 2004;
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Weber et al., 2007), other previous studies have noted increasing WSOC concentrations
as a function of increasing concentrations of tracer compounds for fossil fuels such as
acetylene, isopropyl nitrate, and carbon monoxide (de Gouw et al., 2005; Weber et al.,
2007) suggesting a possible direct link between fossil fuel combustion and WSOC
concentrations. Weber et al. (2007) documented positive correlations between WSOC
concentrations and the fossil fuel tracers carbon monoxide (r2 = 0.80) and acetylene (r2 =
0.60; Weber et al., 2007) in urban Atlanta suggesting a fossil source to WSOC, yet
radiocarbon analyses suggested that only 20-30% ofWSOC was fossil-derived indicating
that the increase in WSOC may have been fossil-influenced but was not due to a high
proportion of fossil C in WSOC. Therefore, it may be that inorganic species such as NOx
or S02 emitted with fossil fuel combustion react with contemporary-derived VOCs to
form SOAs that increase aerosol WSOC in urban air.

Differences in L1 14C Signatures ofAerosol WSOC and WJNSOC
14

14

For samples for which both l1 Cwsoc and !1 Croc (Wozniak Ph.D dissertation,
Chapter 2; Table 4-4) were available, !1 14C values of WIN SOC (!1 14Cw1Nsoc; Table 4-4)
were calculated following equation 6 and plotted as a function of !1 14Cwsoc values in
14

Figure 4-6. The 1:1 line indicates the relationship if !1 14Cwsoc and !1 CwiNsoc were
derived from similar proportions of precursor material(s). In nearly every case !1 14Cwsoc
was more enriched than the corresponding !1 14Cw1Nsoc (Table 4-4; Figure 4-6). A paired
t-test showed that !1 14Cwsoc values (mean !1 14Cwsoc = -82 ± 22, n=16; Table 4-4) were
significantly (p<0.05) higher than corresponding !1 14CwiNsoc values (mean !1 14CwiNsoc =
-438 ±70, n=16; Table 4-4). Thus, the majority of fossil-derived aerosol OC in these
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samples is relatively insoluble, and the aerosol WSOC pool is composed of primarily
contemporary-derived OC.
14

!1 Cmeasurements of aerosol WINSOC from Zurich, Switzerland showed fossil

contributions of 32-45% to WINSOC and correspondingly smaller calculated
contributions of fossil material to WSOC (9-24% fossil, Szidat et al., 2004), consistent
with the findings in the present study. Collectively these findings suggest a fundamental
difference in the partitioning offossil (e.g., aliphatic and aromatic hydrocarbons) and
contemporary biomass-derived (e.g., carbohydrates, organic acids) aerosol OC with
fossil-derived OC being predominantly insoluble. The implication of this for the
biogeochemical cycling of fossil vs. contemporary-aged aerosol OC within watersheds is
that the majority of fossil-derived aerosol OC will remain in particulate aerosol form and
may be more likely to become incorporated in soils or sorb to vegetation than the pool of
contemporary-derived aerosol OC. Nonetheless, given the small size of aerosol
particulates (<1 0 J.tm, Warneck, 1988), this WINSOC may be easily eroded and
transported through watersheds in particulate form.
In spite of the evidence for the majority of fossil-derived OC partitioning into the
particulate phase, 12-14% (Table 4-3) ofWSOC is fossil-derived. As fossil fuel
emissions are a relatively new anthropogenic source of aerosols to the atmosphere, they
may be viewed as increasing aerosol OC above pre-industrial levels. This increase can
be calculated for WSOC as follows:
WSOC increase= 100*(% fossil WSOC/% contemporary WSOC)

(Eqn. 7)

Fossil-derived WSOC, therefore, represents an average anthropogenically-derived
WSOC increase of 14-16%. As a result, it appears that fossil fuel combustion may play a
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role in increased delivery of aerosol WSOC to watersheds and aquatic systems that needs
to be considered in studies of atmosphere-land-water biogeochemical transfers.
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Table 4-1. Sample collection dates for aerosol WSOC measurements, measurements performed on each sample durilllg this
study, and supporting measurements presented previously (Wozniak Chapter 2, PhD dissertation). All TOC, OC, fwsoc, and
WSOC kinetics measurements were performed in triplicate.
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Table 4-2. Kinetics model parameters for aerosol WSOC desorption for samples collected at Millbrook, NY and Harcum, VA
in 2006-2007. Errors represent standard errors for model parameters of best fit curves. See the text for descriptions of the
models and model parameters.
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Table 4-3. fwsoc, () 13C (%o), A14C (%o), Fm, and% contribution from fossil OC values
for aerosol WSOC samples collected at Millbrook, NY and Harcum, VA in 20062007. Errors for a given sampling date are expressed as standard errors of
duplicate measurements. Errors for the overall means are expressed as standard
errors of all the samples measured.
Sampling Date

fwsoc

0 13c (%o)

Al4c (%o)

%Fossil"

Fm

Millbrook
5/23-24/06

0.327

-25.8

-187

0.818

24

8/18-20/06
(n=2)

0.537 ± 0.019

-24.7 ± 0.1

-187 ± 4

0.819 ± 0.004

24±0

12/1-2/06

0.409

-25.0

24

1.031

5

12/3-4/06

0.437

-24.9

101

1.108

ob

12/5-6/06
(n=2)

0.401 ± 0.001

-25.6 ± 0.7

106 ±51

1.113 ± 0.052

ob

3/5-6/07

0.190

-23.9

-196

0.809

25

3/9-10/07

0.317

-25.2

38

1.045

3

5/13-15/07

0.332

-26.0

-123

0.883

18

5/15-16/07
(n=2)

0.313±0.018

-25.7 ± 0.7

-122 ±59

0.884 ± 0.059

18 ± 6

Overall Mean
(n=9)

0.363 ± 0.033

-25.2 ± 0.2

-61 ± 42

0.946 ± 0.042

12 ±4

6/8-9/06

0.586

-25.3

-106

0.900

17

6/20-21/06

0.719

-27.6

-105

0.901

17

7/6-7/06

0.260

-21.1

-14

0.993

8

8/30-31106

0.304

-23.4

-62

0.944

13

9/26-27/06
(n=2)

0.259 ± 0.008

-25.6 ± 0.5

-151 ± 31

0.855 ± 0.031

21 ± 3

Harcum
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11/15-16/06

0.318

-25.8

-100

0.906

16

1/4-5/07

0.236

-27.4

-131

0.875

19

2/1-2/07

0.342

-25.7

1.008

7

3/22-23/07

0.329

-25.6

2

1.008

7

5/31-6/1/07

0.511

-25.5

-64

0.943

13

Overall Mean
(n=JO)

0.386 ± 0.051

-25.3 ± 0.6

-73 ± 17

0.933 ± 0.017

14 ± 2

"%fossil contributions were calculated from Fm values as follows:
%contemporary= lOO*(Fm/1.08; after Lewis et al., 2004, see text for details),
% fossil = 100 - % contemporary
bSamples with 0% fossil contribution have radiocarbon values reflecting L1 14C values of
aerosol WSOC exceeding current background levels and are considered to have modem
radiocarbon ages.
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Table 4-4. Measured TOC and WSOC and calculated WINSOC o13C, A14C, and%
fossil contributions for samples from Millbrook, NY and Harcum, VA in 2006-2007.

o13c

At4c

o;o

o13C

wsoc
At4c

(%o)

(%o)

fossil

(%o)

(%o)

TOCS
Sampling
Site/Date

WINSOCb

%
fossil

ouc

At4c

(%o)

(%o)

%
fossil

Millbrook
5/23-24/06

-26.0

-190

24

-25.8

-187

24

-26.0

-191

25

8/18-20/06

-25.2

-439

48

-24.7

-187

24

-25.9

-739

76

1211-2/06

-25.2

-102

16

-25.0

24

5

-25.4

-190

24

12/5-6/06

-24.7

-260

31

-25.6

106

oc

-24.0

-505

54

3/5-6/07

-25.8

-516

55

-23.9

-196

25

-26.3

-591

62

3/9-10/07

-24.7

-527

56

-25.2

38

3

-24.5

-789

80

5/13-15/07

-24.9

-64

13

-26.0

-123

18

-24.3

-35

10

5/15-16/07

-24.7

-26

9

-25.7

-122

18

-24.3

17

5

6/8-9/06

-23.7

-153

21

-25.3

-106

17

-21.3

-223

28

6/20-21106

-26.1

-297

34

-27.6

-105

17

-21.9

-829

84

7/6-7/06

-19.5

-95

16

-21.1

-14

8

-18.9

-123

18

8/30-31/06

-23.3

-323

37

-23.4

-62

13

-23.2

-437

48

9/26-27/06

-24.0

-410

45

-25.6

-151

21

-23.4

-500

53

11/15-16/06

-25.2

-410

45

-25.8

-100

16

-24.9

-555

59

1/4-5/07

-24.9

-643

67

-27.4

-131

19

-24.1

-802

82

3/22-23/07

-25.2

-340

38

-25.5

-64

13

-24.9

-508

54

Harcum

aTOC data is taken from Wozniak Ph.D dissertation, Chapter 2.
bAll WINSOC values were calculated by mass balance based on measured WSOC and
TOC values. See text for details.
csamples with 0% fossil contribution have radiocarbon values reflecting~ 14C values
exceeding current background levels for atmospheric C02 and are considered to have
modem radiocarbon ages.
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Figure 4-1. Map showing locations of the Millbrook, NY and Harcum, VA sites sampled

during this study.
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Figure 4-2. Aerosol fwsoc ( = WSOC/OC) for samples collected at (a) Harcum, VA and
(b) Millbrook, NY in 2006-2007. Dashed lines represent overall mean aerosol fwsoc
values calculated for all samples at a given site (Harcum: mean= 0.19 ± 0.02; n = 11;
Millbrook: mean= 0.22 ± 0.02; n = 15). See text for details regarding how samples were
differentiated by season. Error bars represent standard errors for repeated WSOC
measurements on the same sample. No samples from the Harcum site were measured
more than once. 'nd' denotes time periods when no data for aerosol WSOC was obtained
for a given site.
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Figure 4-3. Aerosol fwsoc desorbed versus time immersed in water for samples collected
in Harcum, VA and Millbrook, NY in 2006-07. Trendlines are best curve fits for models
describing WSOC desorption following a) a two parameter first-order kinetics model
with one rapidly desorbing pool ofWSOC or b) a four parameter first-order kinetics
model with a rapidly de sorbing pool of WSOC and a slowly desorbing pool of WSOC.
Error bars represent propagated standard errors for triplicate analyses.
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Figure 4-4. Aerosol L\ 14Cwsoc and 8 13 Cwsoc values for selected samples collected in a)
Harcum, VA and b) Millbrook, NY in 2006-2007. Error bars represent standard errors
for duplicate analyses of the same sample. Black horizontal dashed lines represent mean
L\ 14C values (n = 10 for Harcum; n = 9 for Millbrook). Red and blue horizontal dashed
lines represent mean 8 13 C values for Harcum and Millbrook samples, respectively, while
solid vertical lines delineate seasons. See text for details regarding how samples were
differentiated by season.
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("l

13

Figure 4-5. Measured aerosol 8 13Cwsoc vs. calculated 8 CwiNsoc for samples collected
in Harcum, VA and Millbrook, NY in 2006-2007. The black line represents the 1:1
relationship. See text for details of 8 13 CwiNsoc calculations.
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-18

14

Figure 4-6. Measured aerosol /:i Cwsoc vs. calculated /:i 14CwiNsoc for samples collected
in Harcum, VA and Millbrook, NY in 2006-2007. The black line represents the 1: 1
14
relationship. See text for details of /:i CwrNsoc calculations.
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Chapter 5
MOLECULAR CHARACTERIZATION OF AEROSOL-DERIVED WATER SOLUBLE
ORGANIC CARBON USING ULTRAHIGH RESOLUTION ELECTROSPRA Y
IONIZATION FOURIER TRANSFORM ION CYCLOTRON RESONANCE MASS
SPECTROMETRY

Formatted for and published in Atmospheric Chemistry and Physics:
Wozniak, A. S., J. E. Bauer, R. L. Sleighter, R. M. Dickhut, and P. G. Hatcher. 2008. Molecular
characterization of aerosol-derived water soluble organic carbon using ultrahigh
resolution electrospray ionization Fourier transform ion cyclotron resonance mass
spectrometry. Atmospheric Chemistry and Physics, 8, 5099-5111.
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Abstract
Despite the acknowledged relevance of aerosol-derived water-soluble organic
carbon (WSOC) to climate and biogeochemical cycling, characterization of aerosol
WSOC has been limited. Electrospray ionization Fourier transform ion cyclotron
resonance mass spectrometry (ESI FT-ICR MS) was utilized in this study to provide
detailed molecular level characterization of the high molecular weight (HMW; rn!z>223)
component of aerosol-derived WSOC collected from rural sites in Virginia and New
York, USA. More than 3000 peaks were detected by ESI FT-ICR MS within a rn/z range
of 223 - 600 for each sample. Approximately 86% (Virginia) and 78% (New York) of
these peaks were assigned molecular formulas using only carbon (C), hydrogen (H),
oxygen (0), nitrogen (N), and sulfur (S) as elemental constituents. H/C and 0/C molar
ratios were plotted on van Krevelen diagrams and indicated a strong contribution of
lignin-like and lipid-like compounds to the aerosol-derived WSOC samples.
Approximately 1-4% ofthe peaks in the aerosol-derived WSOC mass spectra were
classified as black carbon (BC) on the basis of double bond equivalents calculated from
the assigned molecular formulas. In addition, several high-magnitude peaks in the mass
spectra of samples from both sites corresponded to molecular formulas proposed in
previous secondary organic aerosol (SOA) laboratory investigations indicating that SOAs
are important constituents ofthe WSOC. Overall, ESI FT-ICR MS provides a level of
resolution adequate for detailed compositional and source information of the HMW
constituents of aerosol-derived WSOC.
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1. Introduction

The importance of atmospheric aerosols to several areas of environmental study
has been well-documented. Natural and anthropogenically-derived aerosols alter Earth's
radiative heat balance. and therefore climate. through scattering and absorption of solar
radiation and reduction of outgoing longwave terrestrial radiation (e.g. Ramanathan et al..
2001; Satheesh and Moorthy. 2005; Highwood and Kinnersley, 2006). Elevated
concentrations of aerosols (specifically hygroscopic aerosols) due to human activities
increase the number of cloud condensation nuclei (CCN) that act as seed for cloud
droplets. Because of the limited amount of atmospheric water vapor available for cloud
formation. an increase in CCN number may reduce the average size of CCN such that it
may limit precipitation and thereby increase the lifetime of clouds. thus serving as an
indirect positive feedback on climate change (Toon 2000; Ramanathan et al.. 2001;
Lohmann and Feichter, 2005).
In addition to the general role of aerosols in climate. fossil fuel and biomass
combustion produce anthropogenically-derived aerosols that are known to impair
visibility (Charlson. 1969; Jacobson et al.. 2000). contribute to ecosystem-level problems
via rain acidification (Likens and Bormann. 1974; Driscoll et al.. 2001 and references
therein) and the transport and deposition of persistent organic pollutants (Dickhut et al..
2000; Galiulin et al.. 2002; Jurado et al.. 2004). and cause cardiovascular and respiratory
problems in humans (Davidson et al.. 2005; Highwood and Kinnersley. 2006).
Furthermore. atmospherically-derived materials in aerosol form are potentially important
in a biogeochemical context. For example. recent studies estimate that 30- 90 Tg yr- 1 of
aerosol-derived organic carbon (OC; Koch. 2001; Bond et al.. 2004) and 8-24 Tg y{ 1
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black carbon (BC; Penner et al., 1993; Bond et al., 2004) are deposited globally. These
fluxes are potentially significant in the context of carbon cycling and elemental budgets
at the atmosphere-land-water interfaces, especially in areas where industrial sources are
significant. Given the potential quantitative importance of aerosol OC to different
terrestrial and aquatic systems, molecular level characterization of aerosols is critical for
both tracing the sources of aerosol OC and assessing its transformations before and after
deposition.
Aerosols tend to be highly carbonaceous in nature with OC often comprising 1030% of total aerosol mass (e.g. Wolff et al., 1986; Jacobson et al., 2000; Tanner et al.,
2004; Liu et al., 2005). In addition, as much as 20-70% of aerosol OC has been found to
be water-soluble (WSOC; Krivacsy et al., 2001; Kleefeld et al., 2002; Yang et al., 2004;
Decesari et al., 2007). As noted above, only hygroscopic aerosols can act as CCN,
making WSOC an important indirect climate agent (Saxena and Hildemann 1996; Fuzzi
et al., 2001; Satheesh and Moorthy, 2005). Aerosol WSOC is also likely to be the
fraction of aerosol OC that is most rapidly transported along with surface and ground
waters through watersheds to lakes, rivers, and estuaries on timescales relevant to carbon
biogeochemical cycling.
Despite the potential importance of aerosol WSOC, detailed molecular
characterization of this component of aerosols has thus far been limited. Attempts to
characterize WSOC at the molecular level using gas chromatography-mass spectrometry
(GC-MS; Mayol-Bracero et al., 2002; Wang et al., 2006) and a combination of ion
chromatography and high performance liquid chromatography (HPLC; Yang et al., 2004)
characterized less than 10% and 20% of WSOC, respectively. Aerosol WSOC has been
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characterized at the functional group level using HPLC (Mayol-Bracero et al., 2002), 1H
(Decesari et al., 2000) and cross-polarization-magic angle spinning 13C (Duarte et al.,
2005; Sannigrahi et al., 2006) nuclear magnetic resonance (NMR) spectroscopy, Fourier
transform infrared spectroscopy (Duarte et al., 2005), and size exclusion chromatography
(Sullivan and Weber, 2006). Both the molecular (Mayol-Bracero et al., 2002; Yang et
al., 2004; Yu et al., 2005; Wang et al., 2006) and the functional group level
characterization efforts (Decesari et al., 2000; Mayol-Bracero et al., 2002; Duarte et al.,
2005; Sannigrahi et al., 2006; Sullivan and Weber, 2006) have found mono- and dicarboxylic acids as well as polyconjugated acids (sometimes described as humic-like
substances, HULlS) to be the most prevalent compounds in WSOC, followed by neutral
compounds such as sugars.
The high concentrations of acidic species in aerosol-derived WSOC is likely
indicative of the presence of secondary organic aerosols (SOA) formed from the
oxidation of naturally and anthropogenically emitted volatile organic carbon (VOC)
precursors (Jaoui et al., 2005; Kanakidou et al., 2005; Sullivan and Weber, 2006). To
date, however, much of the work identifying SOA compounds has relied on experimental
laboratory investigations (e.g. Forstner et al., 1997; Jang and Kamens, 2001; Kanakidou
et al., 2005; Heaton et al., 2007), and very few SOA compounds have been identified in
ambient aerosol samples (Edney et al., 2003; Tolocka et al., 2004; Jaoui et al., 2005).
Comprehensive molecular characterization of WSOC derived from ambient aerosol
material will therefore complement studies of SOA formation processes, atmosphereland-water biogeochemical fluxes, and climate-related effects ofWSOC.
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Electrospray ionization coupled to Fourier transform ion cyclotron resonance
mass spectrometry (ESI FT-ICR MS) provides detailed molecular characterization of
organic matter due to its extremely high resolution and mass accuracy (Marshall et al.,
1998; Kujawinski et al., 2002a; Sleighter and Hatcher, 2007). ESI is a "soft" ionization
technique that produces minimal fragmentation of the analytes, thus allowing for
detection of intact molecules (Stenson et al., 2002) and is a particularly effective
technique for ionizing polar, hydrophilic molecules (Gaskell, 1997; Kujawinski, 2002;
Sleighter and Hatcher, 2007) similar to those found in aerosol WSOC. FT-ICR MS
provides ultrahigh mass resolving powers (>300,000) and mass accuracy (<1 ppm),
enabling the identification of many distinct peaks at a given nominal mass (Marshall et
al., 1998; Kujawinski et al., 2002a; Sleighter and Hatcher, 2007). These features of FTICR MS allow for molecular formulas to be assigned to the peaks thereby providing
valuable molecular level information. However, it must also be noted that because FTICR MS does not provide structural information, these molecular formulas may represent
any of several structural isomers.
Recently, ESI FT-ICR MS has been used to successfully characterize complex
mixtures of natural organic matter including fulvic and humic acids extracted from rivers
(Kujawinski et al., 2002a; Stenson et al., 2003; Kujawinski et al., 2004), soils
(Kujawinski et al., 2002a; Kramer et al., 2004; Hockaday et al., 2006), peat (Kramer et
al., 2004), and degraded wood (Kujawinski et al., 2002a; Kim et al., 2003a; Kramer et al.,
2004). In addition to these organic matter extracts, the technique has also been used
successfully for characterizing bulk dissolved organic matter (DOM) from riverine (Kim
et al., 2003a, b; Stenson et al., 2003; Kim et al., 2004; Sleighter and Hatcher 2008) and
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marine waters (Koch et al., 2005; Tremblay et al., 2007), ice cores (Grannas et al., 2006),
mangrove sediment porewaters (Koch et al., 2005; Tremblay et al., 2007; Sleighter and
Hatcher 2008), and soils (Hockaday et al., 2006). Amongst the key findings in recent
ESI FT-ICR MS studies has been the detection of potential BC compounds in soil humic
acids (Kramer et al., 2004) and riverine (Kim et al., 2003b; Kim et al., 2004), ice core
(Grannas et al., 2006), and soil DOM (Hockaday et al., 2006). Grannas et al. (2006)
showed that BC can be identified in melt water from ice cores, possibly reflecting
historically-deposited atmospheric precipitation in snow-accumulating regions of the
world. With biomass and fossil fuel combustion thought to be the dominant sources of
BC, ESI FT-ICR MS analysis of aerosol WSOC may be useful for detecting the mobile,
water-soluble component of BC present in aerosols.
In the present study, we demonstrate the utility ofESI FT-ICR MS for qualitative
characterization of aerosol-derived WSOC. The mass spectral data is used to derive novel
information on the general molecular composition of aerosol-derived material collected
in two different watersheds ofthe northeastern United States. Although ESI FT-ICR MS
is not a quantitative technique, the detailed molecular information that it provides allows
for novel insights on the character and potential sources of aerosol WSOC.

2. Experimental Section
2.1 Sample Collection and Field Methods
For the ESI FT-ICR MS analyses, two-day integrated high-volume aerosol
samples (>4000 m3) were collected during 16-18 August 2006 at the Institute of
Ecosystem Studies Environmental Monitoring Station in Millbrook, NY
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(http://www.ecostudies.org/emp_purp.html) and 7-9 November 2006 at the National
Atmospheric Deposition Program (NADP) site (VA98) located in Gloucester County,
VA (http://nadp.sws.uiuc.edu/sites/siteinfo.asp?net=NTN&id=VA98) using high-volume
total suspended particulate (TSP) air samplers (Model GS231 0, ThermoAndersen,
Smyrna, GA). Both sites are located in rural environments and are more than 30 km from
major industrial emissions. Air was drawn through pre-ashed (3 hrs, 525°C) and preweighed high-purity quartz microfibre filters (20.3 em x 25.4 em, nominal pore size 0.6
J.tm; Whatman QM-A grade) for collection of aerosol particles. Following collection,
aerosol filter samples were transferred to pre-ashed (3 hrs, 525°C) aluminum foil pouches
and stored in the dark in a carefully cleaned air-tight polycarbonate desiccator until
analysis. Samples for radiocarbon analyses of the aerosol WSOC were collected from the
NY sampling station on three occasions in August of2006 (8/16-17, 8/18-20, 8/20-21)
following the same procedures.

2.2 Aerosol Mass, OC, BC, WSOC, and WS0 14C Measurements
Filters were weighed pre- and post-sampling to obtain a measure of the total
aerosol mass. Replicate core plug subsamples were taken from the 24-hr air filters (using
2

2.85 cm diameter stainless steel cork borers) for OC, BC, and WSOC determination.
For OC determination, samples were dried overnight at 60°C, acidified with 1M HCl to
remove inorganic carbon species and again dried overnight at 60°C. Triplicate acidified
and non-acidified samples were placed in 5x9 mm tin cups and combusted at 850°C in
the presence of 0 2• Concentrations of OC were determined using a CE Elantech Flash EA
1112 NC Soil analyzer. Sample response areas were calibrated to a standard curve using
a sulfanilamide standard.
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BC was quantified by combusting pre-acidified (1 M HCl) triplicate core plug
subsamples in a muffle furnace at 375 °C in the presence of high purity air for 24 h
(CT0-375; Gustafsson et al. 1997). The carbon remaining on the filters after combustion
was assumed to be BC and was measured using aCE Elantech Flash EA 1112 NC Soil
Analyzer as for bulk aerosol OC above. Diesel particulate matter from the exhaust of an
industrial forklift (National Institute of Standards and Technology standard reference
material2975; SRM-2975) was used as a positive BC standard, and SRM-2975 BC
measurements agreed with published values (Elmquist et al., 2006).
For aerosol WSOC concentration measurements, individual cork borer plugs were
taken from the filters and placed in pre-baked scintillation vials. High-purity water was
added to the plugs, and the samples were sonicated for 30 minutes to allow for WSOC
desorption. The extract was then filtered through pre-combusted 25-mm GFIF (0.7-J..lm
nominal pore size), and the filtrate was collected and measured for DOC on a Shimadzu
model TOC-5000A analyzer.
WSOC was also isolated for isotopic (~ 14C) characterization. Aerosol material
was placed in 150 mL of high purity Nanopure water and soaked to allow for WSOC
desorption and filtered through pre-baked 0.7 J..lm GF/F filters. The WSOC samples

(~125

ml) were acidified to pH 2.5 with phosphoric acid and sparged with pure helium gas for
10 minutes to remove inorganic carbon. Samples were then saturated with pure oxygen
gas and irradiated for 3 hours with a medium-pressure, high-energy (2400 W) UV lamp
(Raymond and Bauer, 2001). The carbon dioxide generated from the WSOC oxidation
was purified and collected on a vacuum extraction line for subsequent determination of
!:!. 14C. The samples were then submitted to the University of Arizona NSF Accelerator
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Mass Spectrometry laboratory where the carbon dioxide was converted to graphite and
processed for isotopic analysis.

2.3 Aerosol-Derived WSOC Cts Extraction Procedure
Approximately half of each aerosol filter was cut into strips using solvent-cleaned
(hexane, acetone, and methanol) razor blades and placed in pre-combusted (500°C) and
solvent-cleaned 1-L glass beakers. Approximately 200 mL ofLC-MS grade water
(Fisher Scientific) was added to the filter strips, and samples were sonicated for 30
minutes to extract the WSOC from the filters. The extracted organic matter was then
isolated and concentrated from the WSOC filtrates using C1s solid phase extraction disks
(3M, Empore) following previously established protocols (Kim et al., 2003a). The C1s
disks were activated using LC-MS grade water and methanol (Fisher Scientific), and each
WSOC sample was acidified to a pH of 2 with 10 M HCl before passing through the disk.
The sorbed material was rinsed with LC-MS grade water before eluting it off the disk
with 4-6 mL ofLC-MS grade methanol. Due to the qualitative nature of these studies,
the recovery from the C 1s disk was not measured for these specific samples, however,
previous studies have shown that approximately 42-60% of freshwater dissolved organic
matter is recovered by this technique (Louchouarn et al., 2000; Kim et al., 2003a).
Methanol has been found to induce self-esterification in humic and fulvic acids (Mcintyre
and McRae, 2005). However, the self-esterification phenomenon is more pronounced in
positive ion mode than in negative ion mode and increases with the amount of time the
sample remains in methanol (Mcintyre and McRae, 2005). Because our samples were run
in negative ion mode within 2 hours of elution with methanol, self-esterification in our
samples is likely to be minimal.
198

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

3 Analytical Methods
Previous studies have determined that water/methanol mixtures yield higher
quality mass spectra (Kujawinski et al., 2002b; Rostad and Leenheer, 2004), therefore,
the Cis-extracts of aerosol WSOC were diluted by 25% with LC-MS grade water. In
order to increase the ionization efficiency, a small amount of ammonium hydroxide

(< 0.1% total volume) was added immediately prior to ESI, raising the pH of the sample
to approximately 8. Within two hours ofWSOC Cis-extraction and elution, samples
were continuously infused into the Apollo II ESI ion source of a Bruker Daltonics 12
Tesla Apex Qe FT-ICR MS, housed at the College of Sciences Major Instrumentation
Cluster (COSMIC) at Old Dominion University
(http://www.sci.odu.edu/sci/cosmic/index.shtml). Samples were introduced by a syringe
pump providing an infusion rate of 120 J..LL hr- 1• All samples were analyzed in negative
ion mode, and electrospray voltages were optimized for each sample. Previous studies
have shown that the negative ion mode avoids the complications associated with the
positive ion mode in which alkali metal adducts, mainly Na+, are observed along with
protonated ions (Brown and Rice, 2000; Rostad and Leenheer, 2004). Ions were
accumulated in a hexapole for 1.0 sec before being transferred to the ICR cell. Exactly
300 transients, collected with a 4 MWord time domain, were added, giving about a 30
min total run time for each sample. The summed free induction decay (FID) signal was
zero-filled once and Sine-Bell apodized prior to fast Fourier transformation and
magnitude calculation using the Bruker Daltonics Data Analysis software.
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3.1 Mass Calibration and Molecular Formula Assignments of Aerosol WSOC
Prior to data analysis, all samples were externally calibrated with an arginine
cluster standard and internally calibrated with fatty acids naturally present within the
sample (Sleighter et al., 2008). The ultrahigh resolving power of 12 T FT-ICR MS is
capable of separating rn/z values to a mass accuracy of less than 1 ppm. Isotopic peaks
are observed in the mass spectra at 1.00335 rn/z units (the mass of a neutron) higher than
the parent peak indicating that the peaks are singly charged. This is the case for the entire
mass range, indicating that all peaks are singly charged (z=1 ), which is similar to
previous findings for DOM (Kujawinski et al., 2002; Stenson et al., 2002; Kim et al.,
2003b). Since all the peaks are singly charged, rn/z is assumed to be equivalent to
molecular weight, and molecular formula information can be obtained. A molecular
formula calculator developed at the National High Magnetic Field Laboratory in
Tallahassee, FL (Molecular Formula Calc v.l.O ©NHMFL, 1998;
http://www.magnet.fsu.edu/) generated empirical formula matches using carbon (C),
hydrogen (H), oxygen (0), nitrogen (N), sulfur (S), and phosphorus (P). Only rn/z values
with a signal-to-noise above 4 were inserted into the molecular formula calculator. In the
vast majority of cases, the exact mass of each assigned formula agreed with the rn/z value
to within less than 0.5 ppm.
3 .1.1 Data Processing
Molecular formulas generated by the molecular formula calculator were preprocessed using a MatLab file (The MathWorks Inc., Natick, MA) developed by our
group that employed several conservative rules similar to those used in previous studies
(Koch et al., 2005; Kujawinski and Behn 2006) in order to eliminate compounds not
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likely to be observed in nature. The pre-processing file eliminated all molecular formulas
in which: OIC ~ 1.2, HIC ~ 2.25, HIC S 0.3, NIC ~ 0.5,

SIC~

0.2, PIC~ 0.1, (S+P)IC ~

0.2, and DBE (double bond equivalents)< 0, where DBE is calculated as follows:
DBE = (2c + 2- h + n + p)l2

(1)

for any formula CcHhNnOoSsPp. DBE indicates the number of rings and double bonds in
a molecule and is a measure of the degree of unsaturation in a given compound
(Hockaday et al., 2006).
In addition to these rules, the MatLab file searched for and eliminated peaks
detected by the FT-ICR MS that were 1.003 mass units greater than another detected
peak, under the assumption that the two peaks represent the same compound, with the
peak at the higher m/z having a 13 C in place of a 12 C. Following pre-processing,
molecular formulas were assigned following the "formula extension" approach described
by Kujawinski and Behn (2006). Phosphorous is typically not a quantitatively significant
component of atmospheric materials (Chen et al., 2002; Grimshaw and Dolske, 2002;
Baker et al., 2006); therefore all molecular formulas containing phosphorous were
eliminated for ease of processing. Additionally, by analyzing solvent blanks, peaks
below m/z 223 were determined to be high frequency noise and were not assigned
molecular formulas. Compounds at m/z below 223 are likely present in these samples
but are not detected by FT-ICR MS. Quadrupole efficiency is lower for m/z <223, and
therefore, the magnitude and presence of these components are discriminated against in
the quadrupole. Furthermore, ions with high ion cyclotron frequencies (the low mass
molecules) are more difficult to detect because their orbit within the ICR cell must be
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increased to an amplitude that is sufficient to generate a strong enough image current on
the detector plates.

4 Results and Discussion
4.1 Aerosol OC, BC, and WSOC
The total particulate (TP) concentrations in the New York aerosol (14.3 ~g m-3;
Table 5-1) were more than twice that of the Virginia aerosol (6.30 ~g m-3 ; Table 5-1).
Both samples had carbonaceous characteristics similar to those reported for aerosol
samples collected in other rural or background sites (Table 5-1). OC accounted for
nearly 20% and 23% ofthe TP mass in the Virginia and New York aerosol samples,
respectively (Table 5-1). Concentrations of TP and OC for these samples were within the
range of values reported for other rural and background sites (Table 5-1; Krivacsy et al.,
2001 and references therein; Tanner et al., 2004; Liu et al., 2005). WSOC accounted for
approximately 30% of the OC at both sites, a value near the low end of published
WSOC/OC values (Table 5-1; 20-70%; Krivacsy et al., 2001; Kleefeld et al., 2002; Yang
et al., 2004; Decesari et al., 2007). BC was a minor component of the bulk aerosol
carbonaceous material, accounting for only -2% of the OC in the Virginia sample and
-5% of the OC in the New York sample (Table 5-1). Zencak et al. (2007) measured
similar low BC concentrations in aerosols at two sites in Sweden using the same method
employed here (CT0-375; Gustafsson et al., 1997). The CT0-375 method measures only
highly condensed soot-BC, and a recent interlaboratory BC methods comparison of
several reference materials consistently showed lower levels of BC measured by this
method compared to chemical and thermal-optical methods (Hammes et al., 2007). Thus,
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these BC estimates are likely conservative estimates of the total aerosol BC content in
these samples.
4.2 Mass Spectra

ESI FT-ICR mass spectra for aerosol-derived WSOC samples from both locations
showed over 3000 peaks and remarkably similar patterns in peak distribution. The
greatest peak magnitudes were located between rnlz 250 and 375, and considerably
smaller magnitude peak clusters were centered around rnlz 450 and 550 (Figure 5-1 a, b).
Peak magnitude is not necessarily indicative of a compound's concentration in a sample
due to inherent biases of C 18 extractions and electrospray ionization efficiencies
(Hockaday et al., 2006). In addition, only two samples were investigated here, so further
work is required to determine whether this is a characteristic molecular weight
distribution of aerosol WSOC. Nonetheless, the similarity between the spectra is striking
given the differences in dates and locations of sampling (August 2006, Millbrook, NY vs.
November 2006, Harcum, VA) and may suggest inherent similarities of aerosol WSOC
from rural or background sites. Dismal Swamp DOM (Sleighter and Hatcher, 2007) and
Mount Rainier humic acid (Kujawinski et al., 2002a) also showed strongest peak
magnitudes at rnlz 250 to 375 in their ESI FT-ICR spectra, indicating similar molecular
weight distributions between these three different sample types.
Spectral details for both samples (see insets for Figure 5-1 a, b) show that rnlz
330-340 demonstrated a typical pattern of several peaks at low mass defects (mass defect
is the distance a peak is displaced from the exact nominal mass) from a given oddnumbered nominal mass, and fewer, less intense peaks at even-numbered nominal masses
(e.g. Kujawinski, 2002; Kim et al., 2004; Sleighter and Hatcher, 2007). As stated in
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section 3.1 above and demonstrated in the insets ofFigure 5-1 a, b, the peaks detected are
all singly charged. Even-numbered nominal mass peaks are indicative of either 13C
isotopic peaks (observed at a mass difference of 1.003 mlz greater than its I 2C
counterpart) or N-containing compounds with an odd number ofN (Koch et al., 2005).
N-containing compounds are preferentially discriminated against in Cis extraction
methods because the polar nature of organic nitrogen precludes its quantitative retention
on the hydrophobic Cis disk (Benner 2002; Koch et al., 2005); therefore, any Ncontaining compounds present in the WSOC samples would likely be present at relatively
smaller peak magnitudes.
Figure 5-2 illustrates both the ultrahigh mass resolving power ofFT-ICR MS and
the heterogeneous nature of aerosol WSOC. Similar to other mixtures of natural organic
matter (e.g. Kim et al., 2004; Kujawinski et al., 2004; Koch et al., 2005), aerosol WSOC
in this study was found to be highly complex, containing more than 3000 peaks in a
single sample (Figure 5-1) and 10-20 peaks at any given nominal mass (Figure 5-2).
Most often, there is less than 0.0001 Da separating any two distinct peaks (Figure 5-2).
Only instrumentation with mass-resolving powers as high as FT-ICR MS can obtain the
separation necessary to resolve peaks at such small mass differences.
4.3 Formula Assignments

Using a formula extension approach similar to that described by Kujawinski and
Behn (2006), 86% and 78% of the peaks identified in the mass spectra for the Virginia
and New York aerosol WSOC samples, respectively, were assigned molecular formulas.
Most of the assigned molecular formulas contained only C, H, and 0 (Table 5-2). The
New York aerosol WSOC had a higher percentage of molecular formulas containing C,
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H, 0, and S (26% versus 17%; Table 5-2) than the Virginia sample. In contrast,
molecular formulas containing C, H, 0, and N accounted for 26% of those identified in
the Virginia sample vs. only 16% in the New York sample (Table 5-2). While ESI FTICR mass spectra do not provide a quantitative estimate of concentrations, the New York
and Virginia WSOC samples were analyzed on the same instrument using the same
protocols and methods, and therefore the resulting spectra reflect the same inherent
biases. Because of the similar sample processing, we may calculate and compare
magnitude-weighted percent contributions for various compound groups (e.g. C-H-0, CH-O-N, C-H-0-S, C-H-0-N-S; Table 5-2; Sleighter and Hatcher, 2008). These
magnitude-weighted percent contributions support a greater contribution of S-containing
compounds to the New York aerosol WSOC sample than to the Virginia WSOC sample,
and a greater contribution ofN-containing compounds to the Virginia aerosol WSOC
sample compared to that from the New York sample.
4.4 Van Krevelen Analysis

The assigned molecular formulas of aerosol WSOC are represented in van
Krevelen diagrams (Figure 5-3 a, b) which plot molar ratios (H/C vs. 0/C) of molecular
formulas against each other. Also plotted are representative molar ratios for major
classes of natural and anthropogenic organic compounds (i.e., ovals in Figure 5-3 a, b) in
order to provide potential source information for the aerosol WSOC samples (see also
Kim et al., 2003b; Kujawinski et al., 2004; Sleighter and Hatcher, 2007). In addition to
major compound classes frequently used to apportion sources of dissolved organic matter
(Kim et al., 2003b; Kujawinski et al., 2004; Sleighter and Hatcher, 2007), SOAs and
mono- and di-carboxylic acids, compounds frequently associated with WSOC, are
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included to provide additional likely sources to aerosols (Figure 5-3 a, b; Yang et al.,
2004; Yu et al., 2005; Sullivan and Weber, 2006; Wang et al., 2006).
The majority of aerosol WSOC molecular formulas identified by ESI FT-ICR MS
in this study had molar H/C and 0/C ratios similar to lipids, lignin, mono- and dicarboxylic acids, and SOAs (Figure 5-3 a, b). Molecular formulas with molar ratios
reflective of protein sources were also abundant; however, the majority ofthese
compounds do not contain nitrogen, a component of every amino acid, indicating that
proteins are an unlikely source for these particular compounds in the present study. Few
molecular formulas plotted within the regions characteristic of tannins, cellulose, and
condensed hydrocarbons (Figure 5-3 a, b) suggesting that these groups are also not major
-

contributors to aerosol WSOC. Many of the molecular formulas plotted outside any of
the source signature regions and had low 0/C (~0 to 0.2) and H/C (~ 1 to 1.5) ratios
indicating an unknown source. There are currently very few reports of SOA H/C and
0/C molar ratios (Reinhardt et al., 2007; Altieri et al., 2008), however, with further
investigation the region representing SOA may prove to be more extensive and
encompass those molecular formulas not presently represented by any known sources.
The relatively broad distributions of H/C and 0/C molar ratios for compounds in
these samples (Figure 5-3 a, b) further illustrate the complex nature of aerosol WSOC,
however, certain patterns emerge. The majority ofS-containing molecular formulas
identified in both samples had H/C values greater than 1.2 and simultaneously showed
high 0/C ratios. Organosulfur compounds have been detected in previous aerosol WSOC
studies (Romero and Oehme, 2005; Gilardoni et al., 2007). Romero and Oehme (2005)
further observed HS04- mass fragments in high molecular weight (HMW) atmospheric
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HULlS and postulated that these anions were covalently bound by sulfonation or
sulfation processes. The high 0/C ratios of many S-containing molecular formulas
observed in the New York and Virginia aerosol WSOC samples (Figure 5-3 a, b) are also
consistent with covalently bound HS0 4-. Elevated H/C molar ratios(> 1.5) are indicative
of saturated hydrocarbons with few double bonds, and the high H/C ratios in S-containing
compounds in these samples indicate that any sulfonation or sulfation processes resulted
in mostly saturated compounds. S-containing aromatic compounds that would show
much lower H/C ratios are not evident in these samples. In contrast, N-containing and CH-0 compounds (Figure 5-3 a, b) frequently have H/C values < 1 and do not typically
have 0/C values > 0.6, suggesting that the nitrogenous WSOC compounds in these
samples tended to be highly carbonaceous, condensed compounds. Previous laboratory
studies of SO As have also reported the formation of nitro-aromatic compounds from the
photooxidation of aromatic compounds in the presence ofNOx (Forstner et al., 1997;
Jang and Kamens, 2001; Alfarra et al., 2006). The data presented here are thus consistent
with the presence of nitro-aromatic compounds as well.
4.5 Black Carbon in Aerosol-Derived WSOC

The aerosol WSOC samples from New York and Virginia contained several peaks
representing molecular formulas with DBE/C values greater than 0.7, a characteristic of
condensed aromatic ring structures and a cut-off value proposed for the identification of
BC molecular formulas (Figure 5-4; Hockaday et al., 2006). BC defined in this manner
made up only 4% and 1% of the identified molecular formulas in Virginia and New York
aerosol WSOC, respectively, and were present at small magnitudes relative to the
majority of other molecular formulas present (Figure 5-4 a, b). When peak magnitudes
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were accounted for as in Table 5-2 above, BC molecular formulas accounted for only
1.5% (Virginia) and 0.3% (New York) of the total peak magnitudes. BC was also a
minor component of the total aerosol OC though BC/OC was higher in the New York
sample (0.050; Table 5-l) compared with the Virginia sample (0.0 18; Table 5-l ). The
higher BC/OC ratio in the New York sample relative to the Virginia sample did not
translate to a higher contribution of BC identified in the WSOC mass spectra indicating
that the BC component of the Virginia aerosol sample was relatively more soluble than
the BC in the New York sample.
BC has traditionally been studied in particulate OM (e.g. Mitra et al., 2002; Gatari
and Bowman, 2003; Dickens et al., 2004). However, BC may become hydrophilic in the
course of its oxidation (Kamegawa et al., 2002; Park et al., 2005; Zuberi et al., 2005), and
several studies of aqueous OM mixtures have identified aBC component (Mannino and
Harvey, 2004; Kim et al., 2004; Kramer et al., 2004; Hockaday et al., 2006). A recent
FT-ICR MS study offreshwater DOM identified BC using molar H/C and 0/C ratios
using a similar approach to the one employed in the present study but did not report the
number of peaks characterized as BC (Kim et al., 2004). A study ofBC in DOM from
the Delaware Bay found that 9% of bay DOC and 4-7% of coastal ocean DOC was BC
(Mannino and Harvey 2004). The authors listed sediment resuspension and atmospheric
transport from nearby Philadelphia, PA as likely sources ofBC to the bay. We are
unaware of aerosol WSOC studies that have quantified BC, but soot oxidation has been
demonstrated to form WSOC compounds (Decesari et al., 2002).
As noted previously, the CT0-375 BC method employed on the bulk aerosol
material is a highly selective method that detects only highly condensed soot-BC.
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Masiello (2004) speculated that in contrast to the CT0-375 method, ultra-high resolution
mass spectrometry may be able to detect the full range of BC materials. Therefore, the
relative paucity of peaks assigned BC molecular formulas in the current study using this
more comprehensive technique does not support a strong aerosol WSOC source for BC to
riverine and coastal DOC. However, the small amounts ofBC in WSOC from both of
these rural sites suggest that areas having stronger BC sources such as urban regions may
contribute greater amounts of BC to riverine and coastal DOC.
Radiocarbon analysis ofthe New York aerosol WSOC from August 2006 showed
a mean/':,. I 4 C signature of -230%o (n = 3). These values have been found to be
representative of other aerosol WSOC /':,. I 4 C samples measured over time at both the NY
and VA sites (Wozniak, unpublished data). A simple two-source isotopic mass balance
assuming one source devoid of I4C (e.g. fossil fuels) and another source having presentday levels of 14C (e.g. modern living biomass) suggests that more than 20% of the New
York WSOC comes from a fossil source. While the radiocarbon analyses were not
performed on the New York sample analyzed for ESI FT-ICR MS, two ofthe samples
analyzed for radiocarbon content were collected during the same sampling period as the
sample analyzed by ESI FT-ICR MS, and the third was collected just two days later. As
a result, there is reason to believe that the l'l 14C signature of the WSOC sample collected
for ESI FT -ICR MS analysis would be near this -230%o value. The samples analyzed for
radiocarbon signatures were not, however, Cis-extracted to remove salts as the sample
analyzed for ESI FT-ICR MS was. As a result, the radiocarbon analyses were performed
on the total WSOC, while the Cis-extracted sample likely represents about half of the
WSOC (Louchouarn et al., 2000; Kim et al., 2003a). Nonetheless, it is reasonable to
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assume that the Cis-extracted sample contains a considerable fraction of the fossilderived component of the WSOC.
BC emitted as a byproduct of fossil fuel combustion represents a logical potential
source of the aged WSOC as suggested by the radiocarbon analyses. The radiocarbon
data indicate that more than 20% ofthe New York aerosol WSOC could be derived from
fossil sources. However, the FT-ICR MS data suggest that BC molecular formulas
account for only 0.3% of the peak magnitudes in the entire mass spectra for the New
York sample and do not support a significant input of BC to aerosol WSOC. Therefore,
other sources of aged organic matter, both natural and anthropogenic, must be responsible
for the aged WSOC (e.g. aged soil organic matter, SOAs from gaseous fossil fuel
combustion precursors, etc.). In addition, several of the identified BC compounds
contain N in their molecular formulas, and as discussed previously, C 1s extraction does
not typically retain organic N compounds efficiently (Benner, 2002; Koch et al., 2005).
Therefore, BC-derived compounds present in the initial WSOC sample may not be
quantitatively represented as well as non-N containing compounds in the FT-ICR mass
spectra. Alternately, DBE/C 2: 0.7 may be too conservative as a cut-off for a complete
identification of BC compounds (Figure 5-4 a, b; Hockaday et al., 2006).
While BC comprises only a small portion of identified molecular formulas in the
aerosol WSOC samples analyzed here, their identification nonetheless highlights another
application ofESI FT-ICR MS. BC is generally defined as carbonaceous material
thought to be composed of a highly refractory, slow-cycling pool of compounds resulting
from combustion processes and can be a significant portion of aerosol carbonaceous
material (e.g. Novakov et al., 2005; and references therein). In a biogeochemical context,
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the identification of BC in aerosol WSOC suggests that variable amounts of BC may
become desorbed into rainwater and transported through watersheds to various aquatic
systems. To this point, BC has primarily been studied using one of several operational
definitions that do not measure the full spectrum ofBC (Masiello 2004; Hammes et al.,
2007). The use ofESI FT-ICR MS to identify BC in aerosols may therefore provide
molecular level information allowing for better characterization of BC in WSOC.

4.5 Potential Contributions of Secondary Organic Aerosols to Aerosol-Derived

wsoc
Formula assignments for many of the FT-ICR MS peaks in this study were
consistent with formulas proposed in experimental laboratory investigations of SOA
formation by other researchers (Table 5-3). While molecular structure can not be
deduced from the data collected in the present study, the molecular formulas are
consistent with the presence of at least certain SOA compounds or their isomers and
illustrate how the extremely high mass resolution ofFT-ICR MS may be utilized to
identify common SOA species in field-collected aerosols, aerosol-WSOC, rainwater and
other natural aqueous samples.
Of the molecular formulas in Table 5-3, C 18H2s04 was the potential SOA species
with the largest peak magnitude in the Virginia sample, while CzoH3204 had the largest
peak magnitude for potential SOA species in the New York sample. Heaton et al. (2007)
observed C 1sHzs04 as a product of~-pinene ozonolysis and suggested its formation is via
reaction of a monomer end product and a hydroperoxide intermediate of ~-pinene
ozonolysis. In comparison, C20H320 4 (Table 5-3) was a product of a-pinene ozonolysis,
and its presence was attributed to dimerization of pinonaldehyde, a known product of
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primary ozonolysis, via either aldol condensation or gem-:diol formation (Tolocka et al.,
2004).
The majority of previous experimental and field studies identifying SOA
compounds focused on low molecular weight (LMW) species (m/z<200; e.g. Forstner et
al., 1997; Jang and Kamens, 2001). However, recent experimental work also argues for
the formation of HMW SOA compounds that are oligomers of precursor compounds
(Gao et al., 2004; Kalberer et al., 2004; Tolocka et al., 2004; Dammen et al., 2006;
Heaton et al., 2007). The abundance ofHMW peaks in the mass spectra (Figure 5-1a and
b) and molecular formula assignments in Table 5-3 agree with these recent studies on the
contribution ofHMW compounds to SOA (Gao et al., 2004; Kalberer et al., 2004;
Tolocka et al., 2004; Dammen et al., 2006; Heaton et al., 2007). While the ESI FT-ICR
MS method utilized in this study does not characterize LMW SOA products, detailed
molecular characterization ofHMW SOA using FT-ICR MS is possible. This approach
may help establish which of the many HMW SOA compounds identified in experimental
laboratory investigations are prevalent in field samples, thus assisting in the identification
of common formation processes and pathways under natural environmental conditions.
Laboratory studies have also employed ESI FT-ICR MS to examine the behavior of apinene in the presence of ozone to reveal that polymerization processes were important in
the formation ofHMW SOA (Tolocka et al., 2004; Reinhardt et al., 2007). Tolocka et al.
(2004) also found several species whose presence could not be explained by monomer
polymerization or degradation and proposed unknown complex chemical pathways for
their formation. This study also reported SOA oligomers from a field sample illustrating
the utility ofFT-ICR MS in validating laboratory investigations (Tolocka et al., 2004).
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ESI FT -ICR MS may alternately be used in field and laboratory investigations to detect
SOA compounds that may be abundant but previously unidentified.

5 Conclusions
ESI FT-ICR MS is well-adapted to molecularly characterizing aerosol WSOC as a
result of its extremely high mass resolving power and ability to ionize and detect polar,
hydrophilic molecules such as the HULlS-type molecules in WSOC. van Krevelen
diagrams of molecular formulas found in aerosol WSOC may be further utilized for
understanding the general compositional features ofWSOC compounds. Finally, ESI
FT-ICR MS may be particularly well-suited to providing investigators with an inventory
of BC and SOA molecular formulas in aerosol WSOC that may permit more detailed
study of these highly complex substances for better understanding their formation,
transformational, and degradation pathways. While further work is required to make ESI
FT-ICR MS analyses more quantitative or semi-quantitative, the method has been
demonstrated here to be an excellent and promising qualitative tool available to the
atmospheric chemistry community for detailed characterization of the water soluble
components of aerosols.
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Table 5-1. Aerosol TP, OC, BC and WSOC concentrations and OCffP, BC/OC,
and WSOC/OC fractions for VA and NY samples.
NY

VA

TP (Jlg m"3)

14.3

6.30

OC (Jlg m"3 ) 3

3.33 ± 0.128

1.25 ± 0.084

BC (Jlg m·3 t

0.168 ± 0.021

0.022 ± 0.002

WSOC (Jlg m"3 ) 3

1.07 ± 0.017

0.373 ± 0.010

(OCffPt

0.232 ± 0.009

0.199 ± 0.013

(BC/OC)b

0.050 ± 0.007

0.018 ± 0.002

(WSOC/OC)b

0.320 ± 0.013

0.298 ± 0.021

3

Errors are reported as standard deviations of analytical errors from triplicate analyses.

bErrors are reported as standard deviations of propagated analytical errors from triplicate
analyses.
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Table 5-2. Percent occurrence of formula groups and magnitude-weighted percent
contribution of formula groups to all peaks assigned molecular formulas in the mass
spectra. Formulas are grouped based on their elemental constituents (see text for
greater detail).
Percent Occurrence

Magnitude-Weighted Percent
Contribution

Elemental
Constituents

VA

NY

VA

NY

C,H,O

57

58

77

75

C,H,O,N

26

16

12

6

C, H, 0, S

17

26

11

19

C,H,O,N,S

<1

<1

<1

<1
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Table 5-3. Molecular formulas o~ compounds consistent with proposed or identified
SOA compounds from selected previous studies. Relative peak magnitudes are
ranked from 1 (strongest peak assigned a molecular formula in spectrum) to n
(weakest peak assigned a molecular formula in spectrum; for VA, n = 2098; for NY,
n = 2261).
Elemental
Formula

m/z oflon

C11Hts06•

245.1031

1924

not present

Dimer product of 1-methyl
cyclohexene ozonolysis

C11H260sb

309.1708

40

53

Dimer product of ~-pinene ozonolysis

C11H2606b

325.1657

45

106

Dimer product of ~-pinene ozonolysis

CtsHzs04b

307.1915

II

28

Dimer product of ~-pinene ozonolysis

CtsH2s06b

339.1813

42

49

Dimer product of~-pinene ozonolysis

CtsHzs07b

355.1762

115

203

Dimer product of ~-pinene ozonolysis

CtsHJoo7•

357.1919

155

307

Dimer product of a-pinene ozonolysis

Ct9H3o07b

369.1919

119

143

Dimer product of~-pinene ozonolysis

Ct9H3206b

355.2126

95

103

Dimer product of ~-pinene ozonolysis

C2oH3204c

335.2228

36

7

Dimer product of a-pinene ozonolysis

C2oH3205c

351.2177

68

19

Dimer product of a-pinene ozonolysis

Ct9H3o0sc

337.2021

32

16

Dimer product of a-pinene ozonolysis

CtsH2sOsc

323.1864

26

22

Dimer product of a-pinene ozonolysis

Relative Peak Magnitude

VA

NY

Proposed Formation Mechanism

"Gao et al., 2004; 6Heaton et al., 2007; cTolocka et al., 2004
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Figure 5-l. ESI FT-ICR mass spectra for aerosol WSOC samples collected in a)
August 2006 in New York and b) November 2006 in Virginia, USA. Insets highlight
the m/z 330 - 340 region showing characteristic peak distributions and that the
peaks are singly charged.
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Figure 5-2. Expanded ESI FT-ICR mass spectrum region from Figure 5-la at m/z
295 for the aerosol WSOC sample from New York in August of2006.
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Figure 5-3. van Krevelen plots for molecular formulas assigned to FT-ICR mass
spectra peaks in aerosol WSOC samples from a) New York and b) Virginia. Blue
diamonds represent compounds containing only C, H, and 0, yellow squares
representS-containing compounds, and red triangles are N-containing compounds.
Black ovals represent traditional potential source molecular classes (after Sleighter
et al., 2007). The green SOA oval represents published molar H/C and 0/C ratios
from laboratory investigations of secondary organic aerosols (Reinhardt et al., 2007;
Altieri et al., 2008). 0/C ratios for the green ovals representing mono- and
dicarboxylic acids were calculated for molecules containing 10-30 carbons, and the
H/C ratios for these ovals assumed little branching and few double bonds.
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Figure 5-4. Peak magnitude vs. DBE/C for molecular formulas identified in aerosol
WSOC samples from a) New York and b) Virginia. Blue diamonds represent
compounds containing only C, H, and 0, yellow squares represent S-containing
compounds, and red triangles are N-containing compounds. For both samples, the
y-axis was augmented to make lower magnitude compounds visible. Several high
magnitude C, H, 0 compounds at DBE/C between 0.3 and 0.5 are offscale.
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CHAPTER6

ULTRA-HIGH RESOLUTION MOLECULAR CHARACTERIZATION OF AEROSOL
WATER-SOLUBLE ORGANIC MATTER
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ABSTRACT

Aerosol water-soluble organic matter (WSOM) collected from Millbrook, NY and
Harcum, VA during 2006-2007 was analyzed by electrospray ionization Fourier
transform ion cyclotron resonance mass spectrometry (ESI FT-ICR MS), and an average
of3,054 ± 186 peaks per sample (n=16) were assigned molecular formulas. CHO
formulas accounted for a grand mean of 37 ± 1% of all assigned formulas and 38 ± 2% of
assigned formulas on a peak magnitude-weighted basis for all samples. CHOS formulas
were also abundant, with grand means of28 ± 2% and 41 ± 3% of all occurring formulas
and peak magnitude-weighted formulas, respectively, and generally showed high 0/C
and H/C elemental ratios consistent with secondary organic aerosol (SOA) organosulfate
compounds. Relative contributions of formula groups based on elemental constituents
(CHO, CHON, CHOS, CHONS, and P-containing) to the total assigned formulas were
similar at both sites throughout the sampling year. Also, principal component analysis
did not group samples on the basis of simple or consistent spatial or temporal
characteristics, suggesting that some other factor(s), may better explain the molecular
composition of aerosol water soluble organic matter (WSOM). The relatively
homogeneous molecular composition of aerosol-derived WSOM at the two sites suggests
that it may be uniformly distributed at background sites along the east coast of the United
States. If so, this "background" material may be used for both assessing aerosol
distributions and atmospheric deposition of aerosol-derived WSOM at larger scales (e.g.,
regional to continental) and as a baseline from which to evaluate non-background (e.g.,
urban, point source, etc.) aerosol WSOM.
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INTRODUCTION AND BACKGROUND

Aerosol organic matter
Recent estimates of the deposition of atmospherically-borne organic matter
suggest that 30-90 Tg yr" 1 of aerosol-derived organic carbon (OC; Koch, 2001; Bond et
al., 2004) and 8-24 Tg yr· 1 ofblack carbon (BC; Penner et al., 1993; Bond et al., 2004)
are transported from air to the Earth's surface globally. These flux estimates are of a
magnitude equivalent to approximately 5-30% of the 400-800 Tg C yr" 1 exported from
rivers to the global oceans (Richey, 2004). Similarly, studies of rainwater DOC
deposition to the global ocean estimate that 20-90 Tg C yr" 1 (Duce et al., 1991; Willey et
al., 2000; Jurado et al., 2008) are deposited to the oceans. On a regional scale, Wozniak
(Ph.D. dissertation, Chapter 2) estimated that total (wet+ dry) atmospheric deposition of
aerosol OC to the Hudson River (New York, USA) and York River (Virginia, USA)
watersheds along the east coast of North America were equal to or exceeded the
magnitude of OC export from their respective receiving rivers highlighting the potential
importance of atmospherically-derived OC in atmosphere-land-ocean transfers.
Therefore, the atmospheric deposition of organic matter may well be an important, but
previously largely unaccounted for, term in the carbon and biogeochemical budgets of
terrestrial and aquatic systems.
As much as 20-70% of aerosol OC has been found to be water-soluble (i.e.,
WSOC; Krivacsy et al., 2001; Kleefeld et al., 2002; Yang et al., 2004; Decesari et al.,
2007; Wozniak, Ph.D. dissertation, Chapter 4), and desorption experiments indicate that
the majority (>85%) of WSOC desorbs from aerosol particles into the aqueous phase
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very rapidly (<15 min; Wozniak, Ph.D. dissertation, Chapter 4). This rapid desorption
suggests that WSOC may be important in a biogeochemical context as it is transported
with rainwater through watersheds to aquatic systems where it may be subject to a
number offates, including: a) heterotrophic respiration (e.g., Amon and Benner, 1996;
Seitzinger and Sanders, 1997), b) photochemical modification (e.g., Miller and Zepp,
1995; Amon and Benner, 1996), c) sorption to particles and deposition to sediments,
and/or d) export to the coastal ocean (Richey, 2004). Given the potential importance of
aerosol-derived organic matter (OM) to terrestrial and aquatic systems, its further
characterization is critical for both tracing its sources and for assessing its
transformations and fate.
Until recently, comprehensive molecular characterization of aerosol organic OM
has not been possible due to limitations in the capabilities and resolution of the
techniques used. Nonetheless, many early studies of ambient aerosol-derived water
soluble OM (WSOM) observed high abundances of acidic compounds such as mono- and
di-carboxylic acids and poly conjugated acids (e.g., Decesari et al., 2000; Mayol-Bracero
et al., 2002; Duarte et al., 2005; Sannigrahi et al., 2006; Wang et al., 2006). The presence
of these compounds is also consistent with laboratory findings of acidic secondary
organic aerosol (SOA) species derived from the reactions of naturally and
anthropogenically-produced precursor volatile organic compounds (VOC) (Jang and
Kamens et al., 2001; Gao et al., 2004; Jaoui et al., 2005; Kanakidou et al., 2005). Smog
chamber experiments using natural and anthropogenic VOC precursors have generally
focused on the identification of SOA compounds in order to better understand SOA
formation processes in the atmosphere (e.g., Forstner et al., 1997; Jang and Kamens,
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2001; Kanakidou et al., 2005; Heaton et al., 2007). Fewer efforts to date have
characterized the presence and abundance of SOAs in ambient air (Edney et al., 2003;
Tolocka et al., 2004; Jaoui et al., 2005; Surratt et al., 2008).
Recent studies oflaboratory-produced and field-collected organic aerosol OM
have identified high molecular weight compounds including oligomers (Gao et al., 2004;
Kalberer et al., 2004; Tolocka et al., 2004; Dommen et al., 2006; Heaton et al., 2007) and
organosulfate (e.g., Romero and Oehme, 2005; Gomez-Gonzalez et al., 2008; Surratt et
al., 2008; Minerath and Elrod, 2009) compounds as important constituents of SO As. In
fact, organosulfate compounds were recently estimated to account for anywhere between
8 and 50% ofthe total mass of aerosol OM from a site in Hungary (Lukacs et al., 2009).
It is also well-established that nitrogenous SOA can form via reactions ofVOCs with

atmospheric inorganic nitrogen (NOx; Forstner et al., 1997; Jang and Kamens, 2001;
Alfarra et al., 2006; Ng et al., 2008). More comprehensive molecular characterization of
WSOM derived from ambient aerosol material will therefore better establish: a) the
dominant compound groups and elemental composition of SOA, including how
ubiquitous organosulfate and nitrogenous SOA compounds may be distributed in space
and time, and b) the composition of aerosol OM most likely to contribute to
biogeochemical cycles of aquatic systems.

Detailed molecular characterization of soluble organic matter
The development of electrospray ionization Fourier transform ion cyclotron
resonance mass spectrometry (ESI FT-ICR MS) has enabled detailed molecular
characterization of OM at extremely high resolution and mass accuracy (Marshall et al.,
1998; Kujawinski et al., 2002a; Sleighter and Hatcher, 2007). Recently, ESI FT-ICR MS
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has been employed in studies of ambient aerosol WSOM (Reemstma et al., 2006;
Wozniak et al., 2008) and rainwater dissolved OM (DOM; Altieri et al., 2009) revealing
thousands of peaks in a given atmospheric OM sample with each peak representing
individual compounds or groups of structural isomers. Among the important findings in
these ESI FT-ICR studies has been the identification of an abundance of elemental
formulas consistent with organosulfate compounds (Reemtsma et al., 2006; Wozniak et
al., 2008; Altieri et al., 2009) and oligomers (Altieri et al., 2009) in field samples that
were previously identified only in laboratory studies (e.g., Surratt et al., 2007, 2008).
The other significant finding from ESI FT-ICR MS, and one of great
contemporary interest in biogeochemical studies in aquatic systems, has been the
identification ofBC in aerosol WSOM (Wozniak et al., 2008). BC is known to be
emitted from the combustion of both biomass and fossil fuel-derived carbon (e.g.,
Goldberg, 1985; Novakov et al., 2005) and is considered to be recalcitrant in the
environment. To my knowledge, no study has yet examined in a comprehensive manner
the molecular composition of aerosol-derived WSOM on large temporal and spatial
scales in order to evaluate its intrinsic variability and range of characteristics. Assessing
the spatial and temporal variability of aerosol WSOM constituents using ESI FT-ICR MS
should therefore provide important background information on the inventories, sources,
and fates of the significant water-soluble component of aerosol OM and its potential role
in terrestrial and aquatic environments.
In the present study, ESI FT -ICR MS was employed for the purpose of providing
ultra-high resolution molecular characterization of aerosol WSOM samples collected
from background sites located in two watersheds on the east coast ofNorth America
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during 2006-2007. The mass spectral data are used to describe and compare the
contributions of different molecular components to the total WSOM at these sites
collected periodically over the course of a year. Although ESI FT-ICR MS is not a
quantitative technique, the detailed molecular information that it provides allows for
novel insights on the character and potential sources of aerosol WSOM.
METHODS

Sample collection and field methods
Integrated 24-hour high-volume (-1 000 m3) aerosol samples were collected at
both the Institute of Ecosystem Studies Environmental Monitoring Station in Millbrook,
NY (http://www.ecostudies.org/emp_purp.html) and the National Atmospheric
Deposition Program (NADP) site (V A98) located in Gloucester County, VA
(http://nadp.sws.uiuc.edu/sites/siteinfo.asp?net=NTN&id=VA98) using total suspended
particulate (TSP) air samplers (Model GS231 0, ThermoAndersen, Smyrna, GA).
Samples were collected at each site during each season (summer 2006, fall2006, winter
2006-2007, spring 2007) between July 2006 and May 2007 (Table 6-1). Two samples
from each season at each site were selected for ESI FT-ICR MS analyses. For several of
the samples, it was necessary to combine two filters collected on the same day
(Millbrook) or within two weeks of each other (Harcum) in order to increase the amount
of WSOM available for analysis (Table 6-1 ). Both sites are located in rural environments
and are more than 30 km from major industrial emissions. Air was drawn through preashed (3 hrs, 525°C) and pre-weighed high-purity quartz microfibre filters (20.3 em x
25.4 em, nominal pore size 0.6 !liD; Whatman QM-A grade) for collection of aerosol
particles. Following collection, the aerosol filters were transferred to pre-ashed (3 hrs,
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525°C) aluminum foil pouches and stored in the dark in a carefully cleaned air-tight
polycarbonate desiccator (relative humidity< 10%) until analysis.

Aerosol-derived WSOM isolation and electrodialysis
Approximately half of each aerosol sample filter was cut into strips using solventcleaned (hexane, acetone) razor blades and placed in pre-combusted (3 hrs, 525°C) and
solvent-cleaned 1-L glass jars. Approximately 150 mL ofultra-high purity water (MilliQ; total organic carbon< 10OM) was added to the filter strips, and the jars were capped
and covered in aluminum foil to keep out light and avoid contamination. The samples
were then swirled gently and stored at room temperature in the dark for 8 hrs to allow for
WSOM desorption. The water-soluble extract was then filtered through a pre-combusted
47-mm GFIF filter (0.7-l-tm nominal pore size). Microbial activity may have affected the
WSOM content over the 8 hour desorption period, but it is unknown how this would have
affected the molecular characteristics of WSOM.
Each sample was concentrated by a factor of 5 by rotary evaporation (7 .5 mL to
1.5 mL) in order to increase the signal-to-noise ofWSOM peaks in the FT-ICR mass
spectra. The concentrated sample was then desalted using a small volume (1.5 mL of
sample) electrodialysis (ED) unit (ElectroPrep Dialysis Tank, Harvard Apparatus,
Holliston, MA) because salts within a sample matrix are ionized more effectively than
dissolved organic matter using ESI, resulting in poor-quality mass spectra for the organic
components of interest. Briefly, 1.5 mL of sample was placed into a Teflon vial with
cellulose acetate membranes (500 Da molecular weight cut-off), and the vial was placed
in an ultrapure water bath. A voltage of 200 V was applied across electrodes placed in
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the water bath to draw salts from the WSOM sample across the acetate membranes into
the water bath (Chen et al., in prep).

Analytical methods
Details on the application ofESI FT-ICR MS for aerosol WSOM analyses have
been described elsewhere (Wozniak et al., 2008). Briefly, the aerosol WSOM samples
prepared by ED were diluted by 25% with LC-MS grade methanol giving a final solvent
composition of3:1 (v/v) water:methanol. A small amount of ammonium hydroxide
(< 0.1% total volume) was added immediately prior to ESI raising the pH of the sample
to -8 in order to increase the ionization efficiency (e.g., Kim et al., 2003b; Sleighter and
Hatcher, 2008; Sleighter et al., 2009). Samples were continuously infused into the
Apollo II ESI ion source of a Bruker Daltonics 12 Tesla Apex Qe FT-ICR MS, housed at
the College of Sciences Major Instrumentation Cluster (COSMIC) at Old Dominion
University (http://www.sci.odu.edu/sci/cosmic/index.shtml). Samples were introduced
by a syringe pump providing an infusion rate of 120 J.!L hr- 1• All samples were analyzed
in negative ion mode, and electrospray voltages were optimized for each sample. Ions
were accumulated in a hexapole for 3.0 second before being transferred to the ICR cell,
where 300 transients were added, giving about a 40 minute run time. The summed free
induction decay signal was zero-filled once and sine-bell apodized prior to fast Fourier
transformation and magnitude calculation using the Bruker Daltonics Data Analysis
software.

Mass calibration and molecular formula assignments of aerosol WSOM
Mass calibration and molecular formula assignments for the ESI FT-ICR MS data
have been discussed elsewhere (Wozniak et al., 2008). Briefly, all samples were
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externally calibrated with a polyethylene glycol standard and internally calibrated with
fatty acids and other homologous series naturally present within the sample (Sleighter et
al., 2008). Isotopic peaks are observed in the mass spectra at 1.00335 rnlz units (the mass
of a neutron) higher than the parent peak throughout the entire mass range indicating that
all peaks are singly charged (z=1) similar to previous findings for DOM (Kujawinski et
al., 2002b; Stenson et al., 2002; Kim et al., 2003a). A molecular formula calculator
developed at the National High Magnetic Field Laboratory in Tallahassee, FL (Molecular
Formula Calc v.l.O ©NHMFL, 1998; http://www.magnet.fsu.edu/) generated empirical
formula matches using carbon (C), hydrogen (H), oxygen (0), nitrogen (N), sulfur (S),
and phosphorus (P). Only rnlz values with a signal-to-noise above 3 were inserted into
the molecular formula calculator. In the vast majority of cases (>90%), the exact mass of
each assigned formula agreed with the rnlz value to within less than 0.5 ppm.

Data processing
Data were processed following the methods described in Wozniak et al. (2008).
Molecular formulas not likely to be observed in nature were eliminated using a MatLab
file (The Math Works Inc., Natick, MA) that eliminated formulas using several
conservative rules similar to those used in previous studies (Koch et al., 2005;
Kujawinski and Behn 2006). Following pre-processing, molecular formulas were
assigned following the "formula extension" approach described by Kujawinski and Behn
(2006) and employed by Wozniak et al. (2008).

Data analyses
The assigned elemental formulas were placed into formula groups corresponding
to their elemental constituents (e.g., CHO, CHON, CHOS, CHONS, and P, where P
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formulas containing all combinations ofC, H, 0, N, and S were combined into one
group). Formula groups within each WSOM sample were characterized for their percent
occurrence and their magnitude-weighted percent contribution to all assigned molecular
formulas where percent occurrence and magnitude weighted percent contributions are
defined as follows:

O/
;ro

#of formulas in group
0 ccurrence = 100 x _::..___:;__ _ _ _...:::...__.::__
Total #of formulas

(Eqn. 1)

Magnitude- weighted % contribution =

OO x E peak magnitudes for formula group
1
E formula peak magnitudes

(Eqn. 2)

Mean percent occurrence and mean magnitude-weighted percent contributions of
the various formula groups were analyzed for site and seasonal differences using
Student's t-tests. Differences between the mean percent occurrence and mean
magnitude-weighted contributions of each given formula group were also determined by
Student's t-tests. Principal component analysis (PCA) was performed on magnitudeweighted mean elemental ratios and formula group contributions to explain the variability
among the 16 samples using the Minitab software package.
RESULTS

Following data pre-processing to eliminate peaks that did not have molecular
formulas matching the predetermined rules, an average of 95% of the remaining peaks
were assigned molecular formulas. The number of peaks assigned molecular formulas
for all16 samples (Table 6-1) ranged from 1,034 for sample Millbrook F 1 collected in
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the fall of 2006 to 4,259 for Millbrook Sp 2 collected in the spring of 2007 with a mean
of3,054 ± 186 (n=16) peaks being assigned unique molecular formulas for all samples.

Percent occurrence offormula groups in aerosol WSOM
The percentage of molecular formulas falling into each group defined above was
quantified for each sample (Table 6-2; Figures 6-1 a and b). CHO formulas contributed
between 29% and 4 7% of the assigned formulas and showed the highest percent
occurrence among formula groups with the exception of two WSOM samples from the
Millbrook site (Millbrook Su 2, Millbrook F 1) within which CHOS formulas occurred
more frequently. CHON formulas accounted for between 7% and 35% ofthe assigned
formulas, while CHOS formulas made up between 19% to 49% ofthe total formulas, and
CHONS formulas represented between 6% to 19% of all formulas (Table 6-2; Figures 61a and b). P-containing molecular formulas never accounted for more than 2% of those
assigned (Table 6-2; Figure 6-1a and b).
Grand mean values (all sites and times) and site mean values (all times for a given
site) showed CHO formulas to represent more than a third (grand mean = 3 7 ± 1%, n= 16;
Millbrook mean= 35 ± 2%, n=8; Harcum mean= 39 ± 1%, n=8; Table 6-2; Figure 6-1c)
of assigned formulas. CHOS formulas were the next most frequently occurring (grand
mean= 28 ± 2%; n=16, Millbrook mean= 30 ± 3%, n=8; Harcum mean= 26 ± 2%, n=8)
followed by CHON formulas (grand mean= 23 ± 2%, n=16; Millbrook mean= 23 ± 3%,
n=8; Harcum mean = 23 ± 1%, n=8), and CHONS formulas (grand mean = 10 ± 1%,
n=16; Millbrook mean= 10 ± 2%, n=8; Harcum mean= 10 ± 1%, n=8). Formulas
containing P represented just 1% of all assigned formulas at both sites (Table 6-2; Figure
6-1c).
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Student's t-tests revealed the mean percent occurrence ofP-containing molecular
formulas during summer 2006 (%occurrence P formulas= 1.9 ± 0.2%, n=4) to be
significantly higher (p<0.05) than during spring 2007 (% occurrence P formulas = 0. 7 ±
0.2%, n=4) and winter 2006-2007 (%occurrence P formulas= 0.7 ± 0.2%, n=4; Table 62; Figure 6-lc). Comparing samples grouped by season did not reveal significant
differences in% occurrences ofCHO, CHON, CHOS, or CHONS formula groups
(Student's t-tests, p>0.05; Table 6-2; Figure 6-lc). Similarly, there were no significant
between-site differences for% occurrence of any formula groups (Table 6-2; Figure 6lc).
Magnitude-weighted formula group contributions

Contributions from the various formula groups were also compared by
magnitude-weighting the percent contributions from each peak (Table 6-2; Figures 6-2ac). With magnitude weighting, peaks corresponding to CHO molecular formulas
contributed between 21% and 53% (Figures 6-2a and b), with a grand mean of37 ± 1%
(n=16, Table 6-2; Figure 6-2c). In contrast, CHOS formulas represented between 18%
and 63% (Figures 6-2a and b) of magnitude-weighted molecular formulas and had a
grand mean of 41 ± 3% (n=16, Table 6-2; Figure 6-2c), a value significantly higher
(Student's t-test, p<0.05) than the grand mean for percent occurrence ofCHOS formulas
(%occurrence CHOS = 28 ± 2%, n=16; Table 6-2; Figure 6-lc). By contrast, grand
mean magnitude-weighted percent contributions were significantly lower (Student's ttests, p<0.05) than percent occurrences for CHON (magnitude weighted% contribution
CHON= 13 ± 1%, n=16, %occurrence CHON= 23 ± 2%, n=16, Table 6-2; Figures 6-
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lc and 2c) and P-containing (magnitude weighted% contribution P = 0.7 ± 0.1%, n=l6;
%occurrence P = 1.2 ± 0.2%, n=l6; Table 6-2; Figures 6-lc and 2c) formulas.
P-containing molecular formulas again showed significant seasonal differences
(Student's t-tests, p<0.05) with summer (magnitude weighted% contribution P = 1.4 ±
0.3%, n=4) and fall (magnitude weighted% contribution P = 0.9 ± 0.1 %, n=4) having
higher magnitude weighted percent contributions from P formulas than spring (magnitude
weighted % contribution P = 0.3 ± 0.1 %, n=4) and winter (magnitude weighted %
contribution P = 0.3 ± 0.1 %, n=4; Table 6-2, Figure 6-2c). WSOM samples collected in
the fall also had significantly higher (Student's t-test, p<0.05) magnitude-weighted
percent contributions from CHOS formulas (51 ± 4%, n=4) than did samples collected in
spring (33 ± 7%, n=4; Table 6-2, Figure 6-2c), but no other seasonal patterns in formula
group magnitude-weighted percent contributions were observed.

Black carbon in aerosol WSOM
The number of double bond equivalents (DBE) in a molecular formula is
calculated as follows:
DBE = (2c + 2- h + n + p)/2

(Eqn. 3)

for any formula CcHhNnOoSsPp. DBE indicates the number of rings and double bonds in
a molecule and is a measure of the degree of unsaturation in a given compound
(Hockaday et al., 2006). A DBE/C ratio greater than 0.7 has been used previously to
designate molecular formulas representative of BC compounds (Hockaday et al., 2006;
Wozniak et al., 2008). Using this convention, BC molecular formulas represented <1%
to as much as 9% of all assigned molecular formulas (Table 6-2; Figures 6-3a and b).
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The mean percent occurrence ofBC molecular formulas was 4 ± 1% (n=16; Table 6-2;
Figure 6-3) for all samples. Similar to peaks assigned CHON and P molecular formulas,
the magnitude-weighted percent contribution of peaks assigned BC molecular formulas
was nearly always smaller than the percent occurrence ofBC molecular formulas (Table
6-2; Figures 6-3a and b). Magnitude-weighted percent contributions ofBC molecular
formula peaks ranged from <1% to 5% (Table 6-2) ofthe total contribution from all
peaks with the grand mean magnitude-weighted BC percent contribution equal to 2.2 ±
0.3% (n=16; Table 6-2, Figures 6-3a and b). Both the highest percent occurrence and
magnitude-weighted BC percent contributions were observed at the Millbrook site during
fall and winter, but contributions from BC did not vary with season or site (Table 6-2;
Figures 6-3a and b).

Elemental ratios of WSOM
Elemental Ratios. Elemental ratios for all assigned elemental formulas were
calculated as the ratio of the number of atoms for a particular element (e.g., N, H, 0, S) to
the number of C atoms.· The OM/OC ratio was calculated as the m/z of the entire
elemental formula related to the portion of m/z made up by C. Mean and magnitudeweighted elemental ratios were calculated from the assigned molecular formulas for each
sample and are presented in Table 6-3. Similar to the formula groups, magnitudeweighted mean elemental ratios showed differences when compared to non-weighted
mean elemental ratios. N/C, PIC, DBE, and DBE/C magnitude-weighted ratios were all
significantly lower (Student's t-tests, p<0.05; Table 6-3) than unweighted mean ratios,
while H/C and S/C magnitude-weighted ratios were significantly higher than unweighted
mean ratios (Student's t-tests, p<0.05; Table 6-3).
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Mean H/C ratios ranged from 1.23 to 1.45, with an overall mean value of 1.34 ±
0.02 (Table 6-3). The minimum magnitude-weighted H/C ratio was also 1.23, but the
highest H/C ratio was 1.55 and magnitude-weighted H/C ratios were either equal to or
greater than the unweighted H/C ratio for the same sample (Table 6-3). Mean 0/C ratios
ranged from 0.22 to 0.54 averaging 0.46 ± 0.01 overall (Table 6-3), while magnitudeweighted mean 0/C ratios ranged from 0.35 to 0.62 (Table 6-3).
van Krevelen Plots. HIC and 0/C molar ratios from every peak assigned an

molecular formula were plotted in van Krevelen diagrams for each aerosol WSOM
sample along with the molar ratios of major classes of natural and anthropogenic organic
compounds as defined in previous studies (Kim et al., 2003a; Kujawinski et al., 2004;
Sleighter and Hatcher, 2007), as well as for SOAs and mono- and di-carboxylic acids,
compounds often associated with aerosol WSOM (Figures 6-4a-p; Yang et al., 2004; Yu
et al., 2005; Sullivan and Weber, 2006; Wang et al., 2006). The van Krevelen plots show
some general patterns in H/C and 0/C molar ratios of the major molecular formula
groups, including: 1) the majority of CHOS molecular formulas showed H/C ratios
between 1 and 2 and were the most prevalent formula type at the high end of H/C ratios
(-1.8-2.25); 2) CHOS formulas are also the most common formulas at higher 0/C ratios
(-0.7-1.2) and show 0/C molar ratios with a characteristic range ofbetween 0.25 and 1.2;
3) peaks represented by CHON and CHO formulas had H/C and 0/C molar ratios shifted
to lower values with most CHON molecular formulas being concentrated at H/C values
between -0.7-1.5 and 0/C values between -0.2-0.6, and 4) CHO molecular formulas plot
at H/C of -0.7-1.8 and 0/C of -0.1-0.8.
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Principal component analysis (PCA)
PCA was performed on the formula group percent contributions (Table 6-2) and
magnitude-weighted mean elemental ratios (Table 6-3). Using these 14 variables, PCA
resulted in five significant PCs explaining 96.5% of the variability among samples.
Including formula group percent occurrence (Table 6-2) and mean elemental ratio (Table
6-3) data (for a total of28 variables) in PCA explained less of the variability in the data,
and these data were thus excluded from the analysis. Similarly, PCA performed using
fewer variables (i.e., using the 6 magnitude-weighted formula group percent
contributions exclusively, the 8 magnitude-weighted mean elemental ratios exclusively,
etc. -data not shown) explained less of the variability in the data, thus justifying use of
the 14 variables chosen.
The first three PCs explained 77.5% of the variability in the data and are
presented in detail here. PC1 explained 38.2% of the variability in the data, and a loading
plot for this component shows that mean sample DBE, DBE/C, and N/C ratios and
percent contributions from formula groups CHONS and CHON are all positively
correlated (loading> 0.3) with PC1 (Figure 6-5a). In contrast, mean H/C ratio was
negatively correlated (loading< -0.3) with PC1 (Figure 6-5a). PC2 explained 23.5% of
the variability in the data, and mean S/C, OM/OC, and 0/C elemental ratios and percent
contributions from formula groups CHOS and CHONS were positively correlated with
PC2 (loading> 0.3, Figure 6-5b), while the percent contribution from formula group
CHO was negatively correlated (loading< -0.4, Figure 6-5b). PC3 was strongly
negatively correlated with the mean elemental PIC ratio and magnitude-weighted percent
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contribution from P-containing formulas (loading< -0.5, Figure 6-5c) and explained
15.8% of the variability in the data.
Bivariate PCA score plots are useful for showing differences and/or similarities
between samples based on the PCs. PCA score plots for the first three PCs are presented
here (Figure 6-6). Ovals are drawn on the score plots to highlight groups of samples
plotting near each other. 61.6% ofthe variability among the samples is explained by PC1
vs. PC2 plot which shows three clusters of samples, one near the origin (Hare F 1, Hare
Su1, Mill F2, Mill W1, Hare Sp2, Hare Sp1, Mill Sui; Figure 6-6a) indicating no
correlation with PC1 or PC2, one with relatively negative PCI and PC2 scores (Mill W2,
Hare W2, and Hare Su2), and a third with negative PCI scores and high PC2 scores (Mill
FI, Mill Su2, and Hare F2; Figure 6-6a).
The PCI vs. PC3 score plot explained 54.0% of the variability and shows a cluster
of samples in the upper left quadrant ofthe plot with positive PC3 scores and negative
PC I scores (Mill W2, Hare W2, Mill F 1, Mill Su2, and Hare F I; Figure 6-6b), another
cluster of samples with PC I scores between 0 and 2 and positive PC3 scores (Mill WI,
Hare Sp2, Hare Spi, and Mill Spi), two samples near the origin (Hare FI and Mill F2),·
and a final group of two samples with both negative PCI and PC3 scores (Mill Sui and
Hare Su2; Figure 6-6b).
Finally, the PC2 vs. PC3 plot explained 39.3% of the variability among the
samples, and four sample clusters were identified (Figure 6-6c). One cluster included
samples with high PC2 scores and slightly positive PC3 scores (Mill Su2, Mill F 1, Hare
F2, and Mill Sp 1), another cluster of samples plotted near the origin (Mill Sui, Mill F2,
and Hare F 1), a third showed very negative PC2 scores and slightly positive PC3 scores
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(Mill W2, Hare W2), and a final cluster of samples had PC2 scores between -1 and -2 and
PC3 scores between 1 and 2 (Hare Sp2, Mill WI, and Hare WI). Sample Mill Sp2 was
unique and never plotted within a cluster of samples (Figure 6-6 a-c).

DISCUSSION

Traditional molecular characterization techniques (gas chromatography-mass
spectrometry (GC-MS) and high performance liquid chromatography (HPLC); e.g.,
Mayol-Bracero et al., 2002; Wang et al., 2006; Yang et al., 2004) have been able to
characterize less than 20% of aerosol WSOM. However, the recent development and
application ofESI FT-ICR MS technology has enabled ultra-high resolution molecular·
characterization of field collected atmospheric samples allowing for the identification of
molecular formulas not captured by traditional techniques and granting a more thorough
picture of the molecular composition of rainwater (Altieri et al., 2009) and aerosol
WSOM (Reemtsma et al., 2006; Wozniak et al., 2008) molecular composition. In spite
of this, ESI FT-ICR MS is not considered to be a quantitative technique because in
addition to a compound's abundance within an organic matter mixture, the ionization
efficiency of that compound is a primary determinant of the strength of its ICR MS
signal, and ESI ionizes different compounds with different efficiencies (Gaskell, I997;
Cech and Enke, 200I). As a result, peak magnitudes can not be used as a direct proxy for
the concentration of a given molecular formula within WSOM. Neither can the percent
occurrence of formulas from a given formula group provide quantitative information
regarding its concentration within WSOM. Nonetheless, qualitative information about
relative contributions from formula groups has been obtained in previous studies using
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ESI FT-ICR MS by comparing magnitude-weighted percent contributions and percent
occurrences of the various formula groups to each other (Sleighter and Hatcher, 2008;
Wozniak et al., 2008; Sleighter et al., 2009).

Relative Contributions of Formula Groups to Aerosol WSOM
Both percent occurrence (Table 6-2, Figure 6-1) and magnitude-weighted percent
contribution (Table 6-2, Figure 6-2) data show CHO and CHOS formulas to be the two
largest contributors to all assigned molecular formulas, followed by CHON formulas and
smaller contributions from CHONS and P formulas (Table 6-2, Figure 6-2). P-containing
compounds were present in all samples at very low percent occurrences and magnitudeweighted percent contributions consistent with findings from previous aerosol studies
suggest that P is typically not a quantitatively significant component of atmospheric
materials (Lewis Jr. et al., 1985; Chen et al., 2002; Grimshaw and Dolske, 2002; Baker et
al., 2006).
The relative abundances of CHO and CHOS formulas to all assigned formulas
observed in this study contrast with the findings from Wozniak et al. (2008) in which
mass spectra for WSOM showed CHO formulas to dominate the mass spectra (CHO
formula% occurrence= 57-58%, magnitude-weighted percent contribution= 75-77%)
and CHOS formulas to account for just 17-26% of all assigned formulas, with magnitudeweighted percent contributions (11-19%, Wozniak et al., 2008) arguing for an even lower
CHOS formula abundance. Likewise, Reemstma et al., (2006) also identified higher
amounts of CHO formulas (-46% occurrence) and lesser amounts of CHOS formulas
(-21% occurrence) in WSOM. However, in both these previous studies, a C 1s solid
phase extraction step was included in order to both remove salts and to concentrate the
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WSOM to improve its ionization efficiency by ESI (Reemstma et al., 2006; Wozniak et
al., 2008). C 18-extraction has been estimated to recover 42-60% of freshwater DOM
(Louchouam et al., 2000; Kim et al., 2003b), and recent data demonstrates that C 18extraction ofDOM discriminates against polar compounds (higher 0/C) and compounds
with heteroatom (N, S) functionality leading to characterization of the relatively
hydrophobic portion ofDOM and an apparent dominance ofCHO compounds in DOM
samples (Sleighter and Hatcher, 2008). By contrast a study of natural OM from the
Suwanee and Withlacoochee Rivers used ED to eliminate salts and recovered 88-102% of
the TOC (Koprivnjak et al., 2006).
In the current study, ED was used instead ofC 18-extraction to remove salts from
WSOM, thus eliminating C 1s-related bias (see also Koprivnjak et al, 2006; Vetter et al,
2007; Gurtler et al., 2008; Koprivnjak et al, 2009 for these methodological effects on
DOM characterization bias in general). Comparison of van Krevelen plots from Wozniak
et al. (2008; also see Wozniak Ph.D dissertation, Chapter 5, Figure 6-3) and the present
study (Figure 6-4) reveals that whereas CHO and CHON formula 0/C ratios range to a
maximum of0.6 and CHOS formulas show a maximum 0/C of ~0.9 for C 18-extracted
aerosol WSOM samples from Harcum and Millbrook, the ED-treated samples from the
same sites in this study commonly showed CHO and CHON formulas with 0/C 2:0.8 and
CHOS formulas with 0/C up to 1.2 (Figure 6-4). Thus, similar to new findings for
freshwater (Sleighter and Hatcher, 2008), C 18-extraction of WSOM appears to
discriminate against compounds having high 0/C ratios and compounds containing
heteroatoms, resulting in an incomplete characterization of WSOM molecular
composition relative toED-isolated WSOM. As further evidence of the potential
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methodological bias of sample preparation, CHONS formulas for WSOM isolated using
ED in the present study accounted for 10% of the assigned formulas here (Table 6-2,
Figure 6-1 ), but <1% of the formulas for C1s-extracted samples analyzed previously
(Wozniak et al., 2008). By preparing aerosol WSOM samples using ED, a more
comprehensive and accurate characterization of aerosol WSOM is therefore possible, and
greater insight into the relative abundance ofWSOM formulas with heteroatoms is
gained.
Of the few ESI FT-ICR MS studies of dissolved OM, the present study, to my
knowledge, reports the lowest contributions ofCHO formulas and some of the highest
contributions from CHOS formulas of all studies illustrating differences in the nature of
dissolved OM from different environments (e.g., freshwater and marine DOM, rainwater
DOM, aerosol WSOM; Table 6-2, Figure 6-1, 2). A study of freshwater DOM collected
from small streams in Pennsylvania and a tributary in Virginia reported CHO formula
percent occurrences ranging from 71.3% to 93.1% and magnitude-weighted CHO
contributions between 84.7% and 93.8% with percent occurrences of CHON and CHOS
formulas ranging from 1.4% to 13.6% and 2.8% to 14.8%, respectively (Sleighter et al.,
2009). Likewise, in Cwextracted marine DOM, CHO formulas were similarly dominant
representing 83.7-90.5% of magnitude-weighted formulas with heteroatom functionality
increasing with distance offshore (Sleighter and Hatcher, 2008). In an analysis of C 18extracted DOM from an ice core in Franz Josef Land, Russia, Grannas et al. (2006) found
21% of the identified formulas from a portion of the core dating to 1950 A.D. to contain
sulfur (CHOS plus CHONS) and inferred an atmospheric source for these CHOS
formulas. Magnitude-weighted contributions from CHOS formulas were considerably
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lower (<5%; Grannas et al., 2006) than percent occurrences, but C 1s-extraction may have
played a role in the lesser magnitude-weighting. CHOS formulas also accounted for 2433% of all formulas in rainwater DOM (Altieri et al., 2009). These latter two examples
along with the present study highlight the greater abundance of CHOS compounds in
atmospheric OM relative to aquatic OM where CHO containing compounds appear to
dominate (Sleighter and Hatcher, 2008; Sleighter et al., 2009). The potential importance
and implications of organo-sulfur compounds in aerosol WSOM will be addressed in
greater detail below.
In contrast to Wozniak et al. (2008) where contributions from CHON and CHOS
formula groups were roughly equal (~21% and 22% occurrence, respectively, 9% and
15% magnitude-weighted% contributions, respectively; Wozniak Ph.D dissertation,
Chapter 5, Table 6-2), in the present study both percent occurrence and magnitudeweighted contributions of CHON formulas were lower than those for CHOS formulas
(Table 6-2; Figures 6-1 a-c; Figures 6-2a-c ). This result may be due to the different
sample preparations used (C 1s-extraction vs. ED-preparation). Similar to Wozniak et al.
(2008), CHON formulas in the present study were characterized by lower H/C and 0/C
elemental ratios than CHOS formulas (Figure 6-4a-p; Wozniak Ph.D dissertation,
Chapter 5, Figure 6-3). The lower H/C ratios

(~0.7-1.5)

reflect a lower degree of

saturation, and thus, a greater potential for aromatic compounds among the CHON
formulas. Laboratory studies of SOA formation have identified nitroaromatic
compounds resulting from photooxidation of aromatic VOC precursors in the presence of
NOx (Forstner et al., 1997; Jang and Kamens, 2001; Alfarra et al., 2006). Aerosol CHON
compounds with higher H/C and 0/C ratios have also been identified in recent laboratory
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(Ng et al., 2008) and field studies (Reemtsma et al., 2006). While some of these
compounds may be present in the WSOM samples from Millbrook and Harcum (Figure
6-4a-p), the majority of CHON formulas showed lower H/C and 0/C ratios.

Percent Occurrence vs. Magnitude-weighted Formula Group Contributions
In the present study, CHO formulas showed similar overall mean percent
occurrence and magnitude-weighted percent contributions (Table 6-2, Figures 6-1 and 62), and CHON, BC, and P formulas all showed higher mean percent occurrences (Table
6-2; Figures 6-1-3). CHOS formulas, on the other hand, showed magnitude-weighted
percent contributions that were higher than their percent occurrence among assigned
molecular formulas (Table 6-2, Figures 6-1 and 6-2). The higher relative magnitudes
observed in CHOS formulas may be due to a higher concentration of S-containing
compounds or to a higher ESI ionization efficiency for these compounds (Figure 6-4)
relative to CHON, CHO, P and BC compounds, which generally show lower 0/C and
H/C elemental ratios than do CHOS compounds (Figure 6-4). In their study of
freshwater DOM, Sleighter et al. (2008) showed that the percent contribution of
magnitude-weighted CHO molecular formulas was always greater than their percent
occurrence within the spectra. In comparison, formula groups with heteroatom
functionalities (CHON, CHOS, CHOP, CHONS, CHONP, CHOSP, CHONSP) all
showed lower percent contributions of magnitude-weighted formulas than percent
occurrences. The reasons for the differences between percent occurrence and magnitudeweighted percent contributions of formula groups are unfortunately not entirely
understood and future work should explore the sources of elevated peak magnitudes in
ESI FT-ICR mass spectra in order to help resolve this issue.
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Spatial and Temporal Variability of Formula Group Contributions to Aerosol WSOM
Seasonal differences in the relative contributions of the various compound groups
to aerosol-derived WSOM were absent with the exception ofP and CHOS formulas. P
formulas showed higher percent occurrences (Table 6-2; Figure 6-1 c) and magnitudeweighted percent contributions (Table 6-2; Figure 6-2c) to the identified formulas during
summer and fall relative to winter and spring. Lewis et al. (1985) also observed a
maximum in total soluble P (=organic P +inorganic P) in summer bulk atmospheric
deposition samples from Colorado. These workers speculated that the increased P
concentrations were associated with conifer species that dominated their sample region,
but found that only 0.1% of pollen-derived P was extracted from aerosols after a week of
immersion in water. As a result, they postulated that the summer maximum in P was
related to P-containing VOC compounds emitted by conifers (Lewis et al., 1985).
However, in the present study increased biological activity is unlikely to explain the large
contributions from P formulas during fall sampling (i.e., relative to winter and spring;
Table 6-2, Figures 6-2a and b). Other naturally occurring organic P compounds in
biological materials that may contribute to aerosol OM include various phosphate esters
such as occur in phospholipids and nucleic acids (e.g., Killops and Killops, 2005).
Potential anthropogenic sources for soluble aerosol organophosphorous compounds
include plasticizers (i.e., tri-iso-butylphosphate, tris-(butoxyethyl)-phosphate; Andresen
et al., 2004), flame retardants (i.e., tri-phenyl phosphate; Andresen et al., 2004), and
pesticides (e.g., Loewenherz et al., 1997; Mulchandani et al., 2001). While the specific
organic P compounds and their sources in aerosol WSOM can only be speculated upon at
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this time, findings here of small but significant amounts of these compounds in both the
Millbrook and Harcum samples point to potentially fruitful and informative avenues of
future study owing to the relatively low amounts of organic P substrates found in most
environments, and the role of P as a limiting nutrient in many systems.
Magnitude-weighted CHOS formulas peaked in the fall when they made up a
significantly higher contribution to all formulas than they did in spring (Table 6-2, Figure
6-2c). The organosulfur compounds that appear to make up much of the CHOS formulas
here (Figure 6-4) may be organosulfate compounds thought to be SOA products ofVOCs
reacting with inorganic sulfur (i.e., sulfate; see, e.g., Romero and Oehme, 2005; Surratt et
al., 2007; Surratt et al., 2008). The following section examines the evidence for
organosulfur compounds in greater detail.
Differences in the quantities of aerosol TSP (Maim et al., 1994; Wozniak Ph.D
dissertation, Chapter 2) and OC (Maim et al., 1994; Maim et al., 2004; Wozniak Ph.D
dissertation, Chapter 2) have been noted along the east coast ofNorth America with sites
in the northeast United States showing lower TSP and OC concentrations proximate to
the Millbrook site than at sites in the mid-Atlantic and southeast United States closer to
the Harcum site. Additionally, TSP and OC concentrations at the Millbrook and Harcum
sites have been found to be lower in the fall and winter relative to spring and summer
periods (Wozniak Ph.D. dissertation, Chapter 2). These temporal and spatial differences
in aerosol OC and TSP concentrations do not appear to translate to observable differences
in the contributions of various formula groups to aerosol WSOM. Therefore, while
changes in the concentrations of aerosols and aerosol OC may occur in space and time,
the molecular composition of WSOM appears to remain relatively constant.
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Organosulfur SOA Contributions to Aerosol-Derived WSOM
The identification of acidic species such as mono- and di-carboxylic acids and
polyconjugated acids in aerosol-derived WSOM (e.g., Mayol-Bracero et al., 2002; Yang
et al., 2004; Yu et al., 2005; Wang et al., 2006) is indicative of the presence ofhighly
oxidized SOA compounds formed from VOC precursors (Jaoui et al., 2005; Kanakidou et
al., 2005; Sullivan and Weber, 2006). Much of the molecular level information about
SOA compounds is derived from laboratory studies of SOA formation processes (e.g.,
Jang and Kamens, 2001; Gao et al., 2004; Kalberer et al., 2004; Reinhardt et al., 2007),
though recent studies have identified SOA compounds (Tolocka et al., 2004; Reemtsma
et al., 2006; Surratt et al., 2008) and molecular formulas consistent with SOA compounds
(Wozniak et al., 2008) in aerosols themselves.
Recent technological advances have led to mass spectrometric identification of
organosulfate compounds in ambient aerosols (Maria et al., 2003; Romero and Oehme,
2005; Reemtsma et al., 2006; Surratt et al., 2007; Gomez-Gonzalez et al., 2008; Surratt et
al., 2008). Laboratory studies suggest that these organosulfate compounds are biogenic
SOAs formed from the photochemical oxidation of any of several monoterpene
compounds and oxidized inorganic sulfur species under acidic conditions (Surratt et al.,
2007; Surratt et al., 2008; Rudzinski et al., 2009). Nitrooxy organosulfate compounds
have also been shown to form in laboratory experiments using N03- to initiate
photochemical oxidation (Ng et al., 2008; Surratt et al., 2008). Recent ultra-high
resolution ESI FT-ICR MS studies of field-collected aerosol WSOM (Reemtsma et al.,
2006; Wozniak et al., 2008) and rainwater (Altieri et al., 2009) have identified hundreds
of molecular formulas consistent with organosulfate compounds suggesting these
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compounds may be ubiquitous constituents of tropospheric OC. Similar to the results of
Wozniak et al. (2008), the van Krevelen plots presented here show the majority of CHOS
molecular formulas to have high 0/C and H/C ratios (Figure 6-4) consistent with a large
contribution of organosulfate compounds. Further, the great majority ofCHOS formulas
identified in Millbrook and Harcum aerosol WSOM contain one S atom and more than
four 0 atoms (Figures 6-4a-p) suggesting possible sulfate moieties for these formulas.
While ESI FT-ICR MS does not provide structural information, the thousands of
molecular formulas identified for peaks in the mass spectra can be compared to
previously identified SOA compound molecular formulas to investigate the potential for
SOA contributions to aerosol WSOM. Table 6-4 provides an abbreviated list of
molecular formulas identified in Millbrook and Harcum samples that are consistent with
molecular formulas for SOA compounds identified previously including organosulfate
and nitrooxy organosulfate compounds. Many more molecular formulas consistent with
those of SOA compounds reported elsewhere were identified in the samples from
Harcum and Millbrook, but are not included in this table because a detailed examination
of all SOA compounds is beyond the scope ofthis investigation. All but one of the
organosulfate formulas included in this table were present in all 16 samples (CIOHisOsSt
was present in 15 out of 16) and were chosen because they showed mean peak
magnitudes placing them among the top 10% of the most abundant formulas present
(Table 6-4). For comparison, several CHO and CHONS formulas are included in Table
6-4. The CHONS formulas included were the most abundant CHONS formulas
consistent with nitrooxy organosulfate SOA compounds, and the CHO formulas included
in the table were chosen to represent the most abundant (based on peak magnitude)
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molecular formulas among those consistent with monoterpene- (a-pinene, a-terpinene, yterpinene,

~-terpinene)

derived SOAs and those consistent with cyclohexene-derived

SOAs, two of the more common classes ofVOC precursor compounds in laboratory SOA
studies.
Though this is not a comprehensive examination ofSOAs and ESI FT-ICR MS
peak magnitude is not a direct proxy for concentration, formulas consistent with
organosulfate SOAs showed very high mean peak ranks (Table 6-4) providing qualitative
information suggesting that these formulas were highly abundant in aerosol WSOM at
Harcum and Millbrook. Recent estimates have suggested that organosulfate compounds
may account for 8-50% of the total carbonaceous aerosol (Lukacs et al., 2009) or 30% of
the total aerosol PM10 OM (calculated by the authors as OM=OC*1.8, based on an
OM/OC ratio = 1.8, Surratt et al., 2008). The data show CHOS and CHONS formulas
combining to account for 38% percent of all assigned molecular formulas (Table 6-2,
Figure 6-1 c) and 49% of all formulas on a magnitude-weighted basis (Table 6-2, Figure
6-2c), and add further evidence for substantial contributions of organosulfate compounds
to aerosol WSOM.
Sources of sulfur to the atmosphere include both natural and anthropogenic
including rock and soil weathering, emissions of volatile biogenic sulfur from land and
the oceans, volcanic emissions, and combustion-related S02 emissions (e.g., Bates et al.,
1992; Pham et al., 1995; Chin and Jacob, 1996; Graf et al., 1997). Anthropogenic
emissions of sulfur dioxide, (S02; 142*106 t yr- 1; UNEP, 2002), are estimated to be
greater than those from natural sources (80-120*10 6 t y{ 1; UNEP, 2002). Since
organosulfate SOA compounds involve reactions ofVOCs with inorganic sulfur and
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anthropogenic emissions account for more than half the emissions of sulfur dioxide, it is
reasonable to conclude that these organosulfate SOA compounds represent a large mass
of aerosol OM that is anthropogenically-derived.
Future studies of the fate of aerosol WSOM in watersheds and aquatic systems
should focus on these potentially quantitatively important organosulfate compounds.
Further, if anthropogenic sulfur emissions are a major source for sulfur in aerosol
organosulfates, this may represent an important anthropogenically-induced increase in
SOA with potential impacts on visibility (Charlson, 1969; Jacobson et al., 2000), human
health (Davidson et al., 2005; Highwood and Kinnersley, 2006), and climate (e.g.,
Ramanathan et al., 2001; Satheesh and Moorthy, 2005; Highwood and Kinnersley, 2006),
in addition to general issues of biogeochemical C and S cycling.
Black Carbon in Aerosol WSOM

As much as 8-24 Tg BC yr- 1 are estimated to be emitted to the global atmosphere
via the combustion of fossil fuels and biomass (Penner et al., 1993; Bond et al., 2004 ).
Much of this BC is fossil fuel-derived (1.3-8.3 Tg BC y{ 1; Bond et al., 2004; and
references therein), and thus represents an anthropogenic input of OC to the atmosphere.
Much of the biomass-derived BC is anthropogenically-derived due to intentional or
accidental biomass burning, in addition to the BC flux generated by natural wildfires
(Kuhlbusch and Crutzen, 1995; Novakov et al., 2005). BC consists ofhighly
carbonaceous, condensed organic compounds thought to be largely refractory in nature
(e.g., Goldberg, 1985; Masiello, 2004; Novakov et al., 2005) and is typically measured in
association with the particulate OM (e.g., Mitra et al., 2002; Gatari and Bowman, 2003;
Dickens et al., 2004; Gustafsson et al., 2009; Wozniak dissertation, Chapter 2). BC has
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been detected in ambient aerosols in concentrations ranging over three orders of
magnitude (0.1 to 22 j.lg m"3) with higher concentrations observed in urban regions
(Novakov et al., 2005, and references therein). Evidence has also been presented in
recent years suggesting that BC may attain greater hydrophilic character with increasing
degree of oxidation, and that some portion ofBC may in fact be soluble in water
(Kamegawa et al., 2002; Park et al., 2005; Zuberi et al., 2005). Mannino and Harvey
(2004) found BC to account for 9% ofDelaware Bay DOC and 4-7% ofDOC in the
coastal ocean, and recent FT-ICR MS studies have identified BC in soil (Hockaday et al.,
2006) and freshwater (Kim et al., 2004) DOM, and aerosol WSOM (Wozniak et al.,
2008).
The large emissions of refractory BC has important potential consequences within
a biogeochemical context as it represents a long-lived pool of carbon whose ultimate fate
is likely to be sediment burial where it can act as a "carbonaceous geosorbent"
(Cornelissen et al., 2005), sorbing other forms of OM within its three-dimensional
structure protecting them from degradation. The water-soluble nature of some portion of
BC represents a source of BC that may be transported through watersheds to aquatic
systems, potentially increasing the flux ofBC from the atmosphere to rivers, estuaries,
and the coastal ocean.
Wozniak et al. (2008) identified BC in C 18-extracted aerosol WSOM where it
accounted for 1-4% of all identified formulas and 0.3-1.5% of magnitude-weighted
formulas. Here, using the ED isolation and desalting procedure, BC accounted for 4 ±
1% (n=16; Figure 6-3, Table 6-2) of identified formulas and 2 ± 0.3% (n=16; Figure 6-3,
Table 6-2) of magnitude-weighted formulas, figures similar to the previous findings
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(Wozniak et al., 2008). This suggests little or no bias for BC analysis using the C1s
extraction procedure.
Aerosol BC measured using a chemo-thermal oxidation method (CT0-375;
Gustafsson et al., 1997) at the Harcum and Millbrook sites accounted for <1% of the TSP
and -2.5-4% of aerosol OC (Wozniak Ph.D. dissertation, Chapter 2). The CT0-375
method is thought to measure only the most highly condensed soot BC (Masiello, 2004;
Hammes et al., 2007), while ESI FT-ICR MS measures a wider spectrum ofBC
(Masiello 2004) but is non-quantitative. Despite these limitations, however, the low
contribution ofBC to all assigned molecular formulas in aerosol WSOM (Table 6-2;
Figure 6-3) is qualitatively consistent with the low values observed for aerosol BC
(Wozniak Ph.D. dissertation, Chapter 2).
Radiocarbon analyses of aerosol WSOC from the Millbrook and Harcum sites
suggest that 12-14% ofWSOC is on average derived from fossil sources with fossil
contributions ranging up to 24% (Wozniak Ph.D. dissertation, Chapter 4). BC derived
from fossil fuel combustion represents one potential source ofthis fossil WSOC.
However, the low contribution of BC to the assigned molecular formulas (Table 6-2;
Figure 6-3)in this study suggests that BC is unlikely to be the sole source for the 12-14%
fossil-derived WSOC (Wozniak Ph.D. dissertation, Chapter 4) and other sources (e.g.,
organic acids from incomplete fossil fuel combustion, aged soil organic matter,
anthropogenically-derived SOAs, etc.) must account for the observed radiocarbon values.
For example, aromatic VOCs produced from gasoline emissions have been shown to
produce SOAs such as nitrophenols and furandiones (e.g., Forstner et al., 1997; Odum et
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al., 1997; Kleindienst et al., 1999; Jang and Kamens, 2001) and may account for some
portion of the non-BC fossil carbon in WSOM from the present study.

Principal Component Analysis
PCA takes sample variables for a dataset and creates new variables called
principal components (PCs) that may help to better explain the variability among samples
(e.g., Meglen, 1992). Analysis ofthe first three PCs from the PCA revealed consistent
clustering of a few groups of samples (Figure 6..:6). The clustering of these groups of
samples did not appear to be related to the site or season of sample collection and point to
other factors as determinants of aerosol WSOM molecular composition.
Samples Hare Su2, Mill F1, and Hare F2 consistently grouped together on PCA
score plots (Figures 6-6a-c). These three samples were characterized by negative PC 1
scores due to their high H/C and low N/C and DBE elemental ratios (Table 6-3) and low
% contribution of molecular formulas from the CHON formula group (Table 6-2), all of
which are characteristics of negative PC 1 loadings (Figure 6-Sa). This grouping of
samples also showed high S/C and OM/OC elemental ratios (Table 6-3), low%
contributions from CHO formula groups and high %contributions (Table 6-2) from
CHOS formula groups, characteristics of high PC 2loadings (Figure 6-Sb) and resulting
in high PC2 scores for these samples (Figure 6-6a, c). Finally, Hare Su2, Mill F1, and
Hare F2 showed moderate PIC elemental ratios (Table 6-3) and % contributions from P
formulas (Table 6-2) resulting in PC3 scores near 0 (Figure 6-6b, c). Thus, this grouping
of samples appears to be characterized by large contributions from WSOM compounds
with CHOS formulas with high H/C ratios such as many of the organosulfate compounds
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identified in recent SOA studies (e.g., Maria et al.; 2003; Romero and Oehme, 2005;
Surratt et al., 2007; Surratt et al., 2008).
Samples Mill W2 and Hare W2 also consistently plotted near one another in all
three score plots presented here suggesting similar molecular compositions in these
samples (Figure 6-6). Interestingly, Mill W2 and Hare W2 cluster with the Mill Su2,
Mill Fl, and Hare F2 cluster in Figure 6-6b (PCl vs. PC3) indicating that these two
clusters are separated only by a difference in PC2 scores. PC2 scores for Mill W2 and
Hare W2 were strongly negative due to high % contributions from CHO formulas and
low% contributions from CHOS formulas (Table 6-2) and low S/C elemental ratios
(Table 6-3), all consistent with low PC2 loadings (Figure 6-5b). This cluster of samples
(Mill W2, Hare W2), therefore appears to be composed of mostly CHO compounds that
are relatively aliphatic in character (high H/C, low DBE, low DBE/C; Table 6-3) and
only moderate contributions from P compounds as evidenced by PC3 scores near 0
(Figure 6-6b, c). Both Hare W2 and Mill W2 were collected in the winter, albeit at
different sites. Recent radiocarbon analyses of bulk aerosol OC suggest that winter is
typically associated with higher contributions from fossil fuel derived carbon (Wozniak
Ph. D. dissertation, Chapters 1 and 2), a major source ofBC (Bond et al., 2004; and
references therein), which is typified by high DBE, high DBE/C and low H/C.
Radiocarbon analyses of WSOC, however, have shown it to be largely contemporaryderived (Weber et al., 2007; Wozniak, Ph.D dissertation, Chapters 2 and 3) indicating
that fossil fuel derived aerosol OC is not WSOC. These findings suggest that any BC in
these two winter aerosol samples may not have been water-soluble. Inorganic sulfur
emissions are also associated with fossil fuel combustion (UNEP, 2002). The low
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contributions from CHOS molecular formulas is therefore possibly explained by the
absence of biogenic VOC precursors necessary for organosulfate formation (e.g., Romero
and Oehme, 2005; Surratt et al., 2007; Surratt et al., 2008; Minerath and Elrod, 2009)
during the winter.
A third group of samples (Mill F2 and Hare Fl; Figure 6-6) plotted near each
other close to the origin in each of the score plots. Their placement near the origin
reflects the intermediate PC scores for these two samples, which resulted from similarly
intermediate values for a number of elemental ratios and formula group contributions. In
fact, both Mill F2 and Hare F 1 showed intermediate values for % contribution from
CHOS formulas (Table 6-2) and DBE, DBEIC, HIC, and PIC elemental ratios (Table 63), parameters with strong PCI loadings (Figure 6-5a). The intermediate PIC elemental
ratios (Table 6-3) also help to explain a PC3 score near 0 for both parameters (Figure 66b and c). Mill F2 and Hare Fl likewise showed intermediate OIC, OMIOC, and SIC
elemental ratios (Table 6-3), all of which are drivers for PC2 (Figure 6-5b). Thus, these
two fall samples from different sites mimic the average molecular composition for all 16
samples.
Similar to Mill F2 and Hare F 1, samples Mill WI and Hare Sp2 plotted near the
origin in a plot of PCI and PC2 (Figure 6-6a), however, these two groups of samples
differed in that Hare Sp2 and Mill WI showed PC3 scores between 1 and 2 (Figure 6-6b,
c) resulting from their relatively low% contributions from P formulas (Table 6-2).
Sample Mill Sp2 was unique in that it never plotted among a cluster of other samples
(Figure 6-6). This sample showed a very high PC 1 score (Figure 6-6a, c) resulting from
high% contributions from CHON formulas and low contributions from CHOS formulas
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(Table 6-2), and high N/C and low H/C elemental ratios (Table 6-3). Thus, it appears
that an abundance of CHON compounds set this Millbrook sample apart from all the
others.
As can be observed by the groups of samples plotting near one another, site and
season were not major factors explaining the variability between samples (Figure 6-6).
None of the sample groups contained samples from both the same site and season (Figure
6-6). Instead, it appears that the variability in the molecular composition of the samples
is related to factors not considered here. Seasonal and site differences were largely
absent from the % occurrence and magnitude-weighted % contributions of formula
groups as well (Table 6-2) suggesting that the molecular composition of aerosol WSOM
may be relatively homogeneous throughout non-urbanized "background" sites along the
east coast of the United States throughout the course of the year. This is in contrast to
results from related studies which found seasonal differences in fossil fuel-derived
contributions to aerosols and latitudinal differences in the quantities of TSP and OC for
the same sites (Wozniak Ph.D. dissertation, Chapter 2).

Summary and Major Conclusions
The molecular composition of aerosol WSOM as determined using ESI FT-ICR
MS suggest a relatively homogeneous pool of aerosol WSOM on the east coast of the
United States throughout the year. Contributions from formula groups showed little
variation between site and season. High contributions from CHOS formulas consistent
with an abundance of organosulfate compounds were observed at both sites for all
seasons. CHO formulas also made up a large portion of the assigned molecular formulas
but contributed less than has been observed for other forms of organic matter (Grannas et
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al., 2006; Sleighter and Hatcher, 2008) demonstrating the unique molecular composition
of aerosol OM. ED treatment represents an improvement over Cis-extraction in
providing comprehensive molecular characterization of aerosol WSOM and allowed for
the identification of molecular formulas with heteroatom functionality and high 0/C
ratios that would have gone undetected using C1s-extraction. SOA formulas appear to be
major contributors to aerosol WSOM throughout the year at both sites highlighting their
relevance to biogeochemical studies of aerosols. Future studies should concentrate on
understanding the post-depositional fate of SOAs and aerosol WSOM so as to elucidate
its role in watersheds and aquatic systems.
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Table 6-1. Aerosol-derived WSOM samples analyzed by ESI FT-ICR MS in the
present study.
Sample ID

Site

Season

Collection Dates

Millbrook Sp I

Millbrook

Spring

5/I5-I6/07

Millbrook Sp 2

Millbrook

Spring

5/I3-I5/07

Millbrook Su I

Millbrook

Summer

8/20-2I/06

Millbrook Su 23

Millbrook

Summer

8/I8-I9/06, 8/I9-20/06

Millbrook F I

Millbrook

Fall

12/1-2/06

Millbrook F 2 3

Millbrook

Fall

I2/3-4/06, 12/5-6/06

Millbrook W 1a

Millbrook

Winter

3/9-10/07

Millbrook W 2 3

Millbrook

Winter

3/5-6/07

Harcum Sp 1

Harcum

Spring

5/31-6/1/07

Harcum Sp 2

Harcum

Spring

3/22-23/07

Harcum Su 1

Harcum

Summer

7/6-7/06

Harcum Su 2

Harcum

Summer

8/30-31/06

Harcum F 1

Harcum

Fall

11/15-I6/06

Harcum F 2

Harcum

Fall

9/26-27/06

Harcum W 13

Harcum

Winter

2/1-2/07, 2/14-I5/07

Winter
1/4-5/07, 1118-19/07.
Harcum W 2 3
Harcum
a In order to increase the WSOM loading, these samples are composite samples made up of aerosol WSOM
from two filters collected simultaneously (Millbrook W 1, Millbrook W 2) or on dates separated by less
than two weeks (Millbrook Su 2, Millbrook F 2, Harcum W 1, Harcum W 2).
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Table 6-2. Percent occurrence and magnitude-weighted percent contribution of formula groups to all peaks assigned
molecular formulas for all WSOM samples. All percentages are rounded to the nearest whole number.
Percent Occurrence

u;·

Magnitude Weighted Percent Contribution

CJl

c;·

-:::J

Sample lD

0

CHO

CHON

CHOS

CHONS

p•

BCb
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CHON

CHOS
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<1c
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<1 c

4
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27
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2
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22
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28

19
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34

16
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2
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1 ± 0.2

4± 1

38±2
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43 ± 3

10 ± 2

1 ± 0.1

3 ± 0.6
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Millbrook
Sp 1
Millbrook
Sp2
Millbrook
Su 1
Millbrook
Su2
Millbrook
F1
Millbrook
F2
Millbrook
WI
Millbrook
W2

Millbrook
Mean
(n=S)

2

5

"0

CD
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3

u;·
CJl

c;·
?

Harcum
Sp 1
Harcum
Sp2

5
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Harcum
Su 1
Harcum
Su2
Harcum
F1
Harcum
F2
Harcum
W1
Harcum
W2
Harcum
Mean
(n=S)

39

25

23

12

47

24

21

7

38

28

25

8

35

16

34

14

37

22

27

14

39

23

31

7

39 ± 1

23 ± 1

26±2

10 ± 1

Spring
(n=4)
Summer
(n=4)
Fall (n=4)

37±2

25 ±4

24±2

39±4

23 ± 0.5

34±2

Winter
(n=4)
Grand
Mean
(n=l6)

2

46

15

29

7

47

13

34

4

5

38

15

42

4

2

3
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7
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5

<1c

3

39

16

34

11

<1c
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5
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10

37

3

<1c
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1 ± 0.2

3± 1

41 ± 3

13 ± 1

39± 3

6± 1

1 ± 0.2

2± 0.2

12 ± 3

1 ± 0.2

3± 1

36±4

15 ± 3

33 ± 5

17 ± 5

<1°±0.1

2±0

26±3

9±2

2± 0.2

2± 0.5

39± 6

13 ± 1

42± 7

5± 1

1 ± 0.3

2±0

20± 5

33 ± 6

11 ± 1

2 ± 0.3

4±2

31 ± 3

11 ± 3

51± 4

6± 1

1 ± 0.1

2± 1

39±2

23 ±2

29 ± 1

8±2

1 ± 0.2

5±1

44±4

13 ± 2

38 ± 3

5±2

<1°±0.1

2± 0.6

37 ± 1

23 ±2

28±2

10 ± 1

1 ± 0.2

4±1

38 ±2

13 ± 1

41 ± 3

8±2

1 ± 0.1

2 ± 0.3
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"P formulas include all molecular formulas containing at least one P including CHOP, CHONP, CHOSP, and CHONSP compounds.
bMolecular formulas are considered BC ifDBE/C > 0.7 (see text for details) and includes all CHO, CHON, CHOS, CHONS, and P formula groups meeting this
requirement.
cParameters listed as <1% are greater than 0 but less than 0.5%.
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Table 6-3. Mean and magnitude weighted mean molecular ratios for all identified molecular formulas in each WSOM sample.
Mean Elemental Ratios
Magnitude Weighted Mean Elemental Ratios
Sample ID
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Millbrook
Sp 1
Millbrook
Sp 2
Millbrook
Su 1
Millbrook
Su2
Millbrook
F1
Millbrook
F2
Millbrook
W1
Millbrook
W2
Millbrook
Mean
(n=S)
Harcum
Sp 1
Harcum
Sp 2

1.35

0.54

25

28

0.33

1.94

8.28

0.39

1.41

0.62

24

36

0.22

2.06

7.60

0.36

1.35

0.42

49

19

0.59

1.78

8.25

0.40

1.41

0.59

62

33

0.21

2.07

7.85

0.35

1.40

0.48

24

23

0.16

1.84

6.98

0.37

1.45

0.52

13

33

0.61

1.92

5.46

0.32

1.36

0.45

28

30

0.42

1.84

7.31

0.39

1.52

0.56

12

52

0.45

1.97

5.12

0.32

1.51

0.51

12

39

1.24

1.91

5.56

0.31

1.51

0.51

12

48

0.54

1.95

4.86

0.29

1.23

0.45

39

27

1.02

1.80

8.61

0.46

1.40

0.44

22

39

0.53

1.79

6.55

0.37

1.24

0.40

27

26

1.28

1.73

8.49

0.45

1.31

0.43

14

37

0.23

1.80

6.83

0.39

1.32

0.41

17

23

0.74

1.73

7.76

0.40

1.55

0.37

7

28

0.22

1.70

5.24

0.29

1.35
±
0.03

0.46
±
0.02

28
±
4

27
±
2

0.72
±
0.12

1.82
±
0.02

7.65
±
0.36

0.40
±0.02

1.44
±
0.03

0.51
±
0.03

21
±
6

38
±
3

0.38
±
0.06

1.91
±
0.05

6.19
±
0.41

0.34
±
0.01

1.34

0.54

26

22

0.47

1.91

8.37

0.40

1.34

0.58

16

30

0.14

1.98

7.19

0.36

1.27

0.47

21

22

1.11

1.81

8.28

0.44

1.32

0.50

15

33

0.22

1.89

6.61

0.38

281

:::0
CD

...,

"0

0

c.
c

(')

CD

c.
:iE
;:::;:

::::r
"0

CD
...,
3

Ui'
CJl

a·

-:::J

0

::::r
CD

(')

0
"0

'<
...,

<B'
::::r

0

:iE

:::J

CD
;"'

"Tl

c
::::r
;:::).

CD
...,
...,
CD
"0
...,
0

c.
c

g

a·

Harcum
Su 1
Harcum
Su 2
Harcum
F1
Harcum
F2
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W1
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W2
Harcum
Mean
(n=8)
Grand
Mean
(n=l6)

1.40

0.53

30

24

0.79

1.91
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Table 6-4. Molecular formulas consistent with proposed or identified SOA compounds from selected previous studies .. Peak
magnitudes were ranked from 0 (most abundant peak in spectra) to 100 (least abundant peak in spectra) based on their
relative ranking within each spectra. Mean peak ranks for all samples in which the formula was present are shown here .
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Figure 6-1. Percent occurrence ofCHO, CHON, CHOS, CHONS, and P-containing
molecular formulas for each individual sample of aerosol-derived WSOM from the
a) Millbrook and b) Harcum sites, and c) mean percent occurrence of the same formula
groups separated into grand (n=16), site (Millbrook, n=8; Harcum, n=8), and seasonal
(Spring, n=4; Summer, n=4; Fall, n=4; Winter, n=4) means.
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Figure 6-2. Magnitude-weighted percent contribution ofCHO, CHON, CHOS, CHONS,
and P-containing molecular formulas to all assigned formulas for each individual sample
of aerosol-derived WSOM from the a) Millbrook and b) Harcum sites, and c) mean
magnitude-weighted percent contributions of the same formula groups separated into
grand (n=16), site (Millbrook, n=8; Harcum, n=8), and seasonal (Spring, n=4; Summer,
n=4; Fall, n=4; Winter, n=4) means.
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Figure 6-3. Percent occurrence and magnitude-weighted percent contribution ofBC to
all assigned molecular formulas in each aerosol-derived WSOM sample collected from
the a) Millbrook and b) Harcum sites.
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Figure 6-4. van Krevelen plots for aerosol WSOM samples collected from Millbrook (ah) and Harcum (i-p) during 2006-2007. Blue diamonds represent compounds containing
only C, H, and 0, yellow squares represent compounds containing C, H, 0, and S; red
triangles represent compounds containing C, H, 0, and N; black Xs represent compounds
containing C, H, 0, N, and S; and grey asterisks represent P-containing compounds.
Black ovals represent traditional potential source molecular classes (after Sleighter et al.,
2007; Wozniak et al., 2008). The green SOA oval represents published molar H/C and
0/C ratios from laboratory investigations of secondary organic aerosols (Reinhardt et al.,
2007; Altieri et al., 2008). 0/C ratios for the SOA regions representing mono- and
dicarboxylic acids were calculated for molecules containing 10-30 carbons, and the H/C
ratios for these ovals assumed little branching and few double bonds.
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Figure 6-5. Principal component analysis loading plots for a) PCI, b) PC2, and c) PC3.
The amount of variability explained by each principal component is listed on the plot.
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Figure 6-6. Principal component analysis score plots for a) PC1 vs. PC2, b) PC1 vs.
PC3, and c) PC2 vs. PC3. The amount of variability in WSOM samples explained by
each bivariate plot is listed on the plot. In order to save space, sample IDs were
shortened. For example, Millbrook Sp 1 was shortened to Mill Sp1, and Harcum Sp 1
was shortened to Hare Sp 1, etc.
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Significance ofAerosol OC Fluxes to Watersheds
Total (wet+ dry) area-normalized aerosol organic carbon (OC) deposition
estimates calculated in this study measured 1.69 and 2.05 g C m-2 i

1

for the Harcum, VA

and Millbrook, NY sites, respectively (Chapter 2). These estimates are consistent with
estimates from Likens et al. (1983) for Ithaca, NY and Hubbard Brook, New Hampshire
located in the northeastern United States (1.4-2.4 g C m-2 y- 1) but much smaller than
estimated total depositions for the Chesapeake Bay watershed (11.31 g C m-2 y- 1;
Velinsky et al., 1986). Scaled to the areas of the watershed associated with (e.g., for the
Millbrook site, the Hudson River watershed; 33,500 km2), or near (i.e., for the Harcum
site, York River watershed; 8,4 70 km2) each of the study sites, total aerosol OC
depositional fluxes (York River watershed= 13. 7* 109 g C y{ 1; Hudson River watershed
= 6.8* 10 10 g C y{ 1) are of a magnitude equal to or greater than the OC export for their
corresponding rivers (York River= 8.4*10 9 g C y{ 1; Hudson River= 7.2*10 10 g C y{ 1).
Rural sites typically show lower aerosol OC concentrations as compared to more
urbanized regions (e.g., Novakov et al., 2005), and the depositional fluxes calculated
here, therefore likely represent conservative estimates of the depositional fluxes for the
two study sites.
With aerosol OC depositional fluxes of this magnitude, there is significant
potential for quantitative delivery of OC from the atmosphere to terrestrial and aquatic
systems on the east coast of the United States via dry and wet depositional processes
where it may be subject to any of several fates (Figure 7-1 ). Because of the large size of
watersheds relative to their receiving water bodies (e.g., rivers, lakes), much of aerosol
OC is likely to be deposited to watersheds where it may be sorbed to a number of
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surfaces (e.g., soils, vegetation, manmade surfaces). How much aerosol OC is
subsequently transported through watersheds to water bodies is therefore not readily
quantifiable at this time. However, as an initial step toward a better understanding of the
exchanges of OC from the atmosphere to watersheds and aquatic systems, this
dissertation sought to characterize aerosol organic matter collected from two sites on the
east coast of the United States throughout 2006-2007. Specifically, the following
objectives were outlined for each chapter:

Chapter 2. Obtain quantitative seasonally-averaged estimates for the concentrations
and depositional fluxes of fossil and contemporary-derived OC.
Chapter 3: Assess the contributions of< different operationally defined compound
groups to the fossil and contemporary character of aerosol TOC.
Chapter 4: Quantify the amounts and desorption kinetics of aerosol water-soluble
OC (WSOC), and measure its fossil and contemporary character relative to aerosol
TOC.
Chapter 5: Evaluate the application of< electrospray ionization Fourier transform
ion cyclotron mass spectrometry (ESI FT-ICR MS) for the ultrahigh-resolution
molecular characterization of aerosol WSOC.
Chapter 6: Obtain ultra-high resolution molecular characterization of aerosol
WSOC by ESI FT-ICR for samples collected in each season to examine temporal
trends in molecular characteristics.
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The results presented in these five chapters characterizing aerosol OM provide a basis for
which to further study the cycling of this material from atmospheric to aquatic systems.

Aerosol WSOC Contributions
Aerosol WSOC accounted for relative contributions of 19% and 22% to aerosol
TOC at Harcum and Millbrook, respectively. Furthermore, desorption kinetics
experiments showed >85% ofthe exchangeable WSOC desorbs from aerosols within the
first 15 minutes of exposure to water (Chapter 4). Thus, WSOC can be expected to
become rapidly incorporated into rain and surface waters and potentially be transported
through watersheds more rapidly than water-insoluble OC (WINSOC). Previous studies
have shown WSOC fractional contributions of up to 75% of aerosol TOC (Zappoli et al.,
1999; Weber et al., 2007; Ding et al., 2008), suggesting this more mobile pool can at
certain times and places completely dominate aerosol TOC. It should be further noted
that the relatively small parti~le size of aerosol TOC (<1 0 11m; Warneck, 1988) suggests
that WINSOC may also be easily eroded and transported through watersheds, though at a
slower rate than WSOC. As a result, the potential for the delivery of aerosol OC in both
its soluble and insoluble forms to aquatic systems would appear to be high. Collectively,
the quantitative significance of the aerosol TOC depositional flux and its partitioning into
soluble and insoluble OC strongly suggests that a) aerosol TOC depositional fluxes need
to be c<;>nsidered for inclusion in watershed carbon and OM budgets due to the
significance of the depositional term, and b) further study is warranted on the postdepositional fates of the aerosol WSOC and WIN SOC components in watershed, as well
as on their roles in supporting the energetic and carbon demands of micro biota and higher
organisms in soils and aquatic environments within watersheds.
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Stable Carbon Isotopic Source Information on Aerosol TOC and its Sub-Fractions
Stable carbon

(o 13 C) isotopic measurements of aerosol TOC (Harcum mean o13 C

= -24.5 ± 0.4%o, n = 15; Millbrook mean

WSOC (Harcum mean

o13 C = -25.2 ± 0.1%o, n =

o13C = -25.3 ± 0.6%o, n =

13; Chapter 2) and

10; Millbrook mean o13 C = -25.2 ±

0.2%o, n = 9; Chapter 4) both point to large contributions from terrestrial C3 plant (o 13 C =
-30 to -23%o; Fry and Sherr, 1984; Boutton, 1991) and/or fossil fuel (o 13 C
Schoen, 1984) sources, with marine (o 13 C

=

=

-32 to -21%o;

-21 to -18%o; Fry and Sherr, 1984; Boutton,

1991) and C 4 plant (o 13 C = -15 to -13%o; Fry and Sherr, 1984; Boutton, 1991)
contributions being less prominent. WIN SOC

o13 C values were calculated by mass

balance for samples in which both TOC and WSOC

o13 C were observed for Millbrook samples

differences between WSOC and WIN SOC
(Chapter 4). However, Harcum WSOC

o13C values were measured, and no

o13C values were depleted relative to WlNSOC,

indicating different sources for these two aerosol components (Chapter 4), possibly due
to kinetic isotopic fractionation between volatile organic compound reactants and
secondary organic aerosol (SOA) products.
Solvent extract, aliphatic, aromatic, and polar OC sub-fractions of aerosol TOC
all showed

o13C signatures significantly depleted(< -26%o for all sub-fractions) in 13 C

relative to both TOC and WSOC (Chapter 3). Lipid compound classes from several
terrestrial plant species (e.g., alkanes, aldehydes, fatty acids, sterols, lignin; Benner et al.,

1987; Collister et al., 1994) have been found to be depleted in

13

C compared to TOC, and

similar depletions have been found for components of aerosol-derived aliphatic (alkanes;
Schefu~

et al., 2003), polar (fatty acids, Matsumoto et al., 2001; 2004), and aromatic

(Mandalakis et al., 2005) OC. Thus, the

13

C depletions observed for lipid compounds
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within source materials (Benner et al., 1987; Collister et al., 1994) may also be a
characteristic for aliphatic, aromatic, and polar OC sub-fractions of aerosol TOC.

Fossil Contributions to Aerosol TOC and OC Components
Radiocarbon (~ 14C) analyses of aerosol TOC were quite variable throughout the
year at both sites revealing mean seasonal fossil contributions to aerosol OC of 11-57%
demonstrating the heterogeneity of the relative importance of fossil and contemporary
aerosol OC sources. Mean radiocarbon values were -266 ± 53%o and -294 ± 48%o at
Millbrook and Harcum, respectively (Chapter 2). These values correspond to estimated
fossil (~ 14 C = -l,OOO%o) contributions to aerosol OC of32 ± 3% and 34 ± 4% for
Millbrook and Harcum, respectively. Thus, approximately one-third of aerosol TOC is
derived from anthropogenic activities involving fossil fuel combustion. Conversely,
approximately two-thirds of aerosol TOC is comprised of contemporary aged (~ 14C =
-70) biomass, however, it is not possible in the present study to identify what portion of
this is from natural biomass emissions vs. human activities such as biomass burning.
When seasonally averaged ~ 14C values were applied to aerosol TOC depositional
flux calculations, fossil TOC accounted for 20% of aerosol TOC deposited to Harcum
and 34% of aerosol TOC deposited to Millbrook (Chapter 2). Fossil fuel combustion
represents a post-industrial anthropogenic input of both aerosols and aerosol TOC to the
present-day atmosphere not present during pre-industrial times. As a result, these postindustrial contributions can be thought of as human-mediated additions to the
atmospheric aerosol and aerosol TOC inventories above pre-industrial background levels.
Relative increases in post-industrial aerosol TOC can be calculated by dividing estimated
contributions from contemporary sources (e.g., pre-industrial OC inventories) by
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estimated contributions from fossil sources (e.g., post-industrial inputs). Using this
approach, aerosol and aerosol TOC inventories (i.e., concentrations) are estimated to
have increased by an average of 52% and 4 7%, respectively at the two sites, while
aerosol TOC deposition at Harcum and Millbrook are estimated to have increased by
25% and 52%, respectively, due to anthropogenic fossil fuel-related activities. Human
activities may also be responsible for contemporary-derived increases in aerosol TOC via
biomass burning (e.g., Goldberg, 1985; Novakov et al., 2005) and emissions of inorganic
species (e.g., NOx, S02; e.g., Bates et al., 1992; Graf et al., 1997; Paerl et al., 2002;
Holland et al., 2005) involved in oxidation reactions resulting in SOA formation. Thus,
the estimated 25-52% increase in aerosol TOC deposition due to anthropogenic activities
involving fossil fuel combustion alone is likely conservative.
With fossil and contemporary contributions comprising approximately one third
and two thirds, respectively of aerosol TOC deposition to watersheds, it is important to
understand the fate of this material within watersheds and aquatic environments.
Chapters 3 and 4 examined the radiocarbon content of aerosol TOC sub-fractions and
provide insight into the forms of contemporary and fossil-derived TOC that may inform
studies into the fate ofthese materials. Fossil sources were responsible for 12-14% of
WSOC which was most often enriched in 14C relative to water-insoluble OC (WINSOC;
Chapter 4) suggesting that fossil-derived OC compounds partition preferentially into the
particulate phase. Since WSOC contains proportionately more contemporary material,
this component of aerosol OC is more likely to be efficiently transported through
watersheds to aquatic systems where it may support some fraction of microbial and
higher food web production. Nonetheless, 12-14% ofthe WSOC was fossil-derived
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(Chapter 4), providing a possible mechanism for the delivery of significant amounts of
fossil OC to aquatic systems that is atmospherically mediated, and independent of direct
fossil fuel inputs from activities such as petroleum transportation and transfer (NRC,
2003). Fossil-derived WINSOC, more likely to become associated with fine soil particles
post-depositionally, may also be eroded from watersheds and delivered to water bodies,
thus augmenting the atmospherically mediated fossil input term. The timescales over
which WSOC and WINSOC may be transported withrain and surface waters is currently
unknown and should be the topic of future studies.
Estimated fossil contributions to aerosol solvent extracts and polar OC subfractions showed ranges similar to those for the aerosol TOC from which they were
derived (Chapter 3). Aliphatic (86 ± 3% fossil) and aromatic OC (48 ± 8% fossil) subfractions, however, showed significantly larger contributions from fossil OC relative to
all other components, including aerosol TOC (26 ± 7%), WSOC (6 ± 1%), solvent extract
OC (28 ± 9%), and polar OC (30 ± 12%) (Chapter 3). In the only other known study to
utilize a similar radiocarbon-based approach, Currie et al. ( 1997) also found aliphatic OC
to have the highest relative contributions from fossil fuels, followed by aromatic OC.
Aliphatic (e.g., n-alkanes) and aromatic (e.g., polycyclic aromatic hydrocarbons) OC are
composed of relatively low-solubility compounds (e.g., Killops and Killops, 2005), and
are therefore likely to account for a portion of the apparent preferential partitioning of
fossil OC into WINSOC.
Figure 7-2 provides a comparison of the ranges of fossil and contemporary OC in
aerosol TOC and its sub-fractions based on the findings from radiocarbon analyses
described above (Chapters 2, 3, and 4). Aerosol TOC measurements indicated fossil OC
302

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

contributions between 10% and 60%, demonstrating the heterogeneous nature of fossil
and contemporary contributions to aerosol TOC throughout the year. In contrast, WSOC
was dominated by contemporary sources, with lower fossil OC contributions of 0% to
25%. Fossil contributions to solvent extract OC were similar in range to aerosol TOC
(~ 10-50%). Aliphatic OC demonstrated the highest contributions from fossil sources
(~80-1 00%) followed by aromatic OC (~40-70% ), and fossil sources were responsible for
similar proportions of polar OC as was found for WSOC

(~5-30%).

It should be noted

that one polar OC sample demonstrated very high contributions from fossil sources (77%;
Chapter 3), and one aromatic OC sample showed relatively low contributions from fossil
sources relative to the rest of the samples (14%; Chapter 3) demonstrating that variations
to these patterns can occur.

Detailed Molecular Characterization ofAerosol WSOC
Because WSOC represents a presumably more bioavailable form of aerosol TOC,
knowledge of its molecular composition is of interest for understanding which types of
compounds make up the portion of TOC that may be transported through watersheds and
to aquatic systems and contribute to secondary production. Electrospray ionization
Fourier transform ion cyclotron resonance mass spectrometry (ESI FT-ICR MS) was
investigated as an analytical tool for identifying the molecular composition of aerosol
WSOC. ESI FT ICR MS is particularly well-suited to the analysis of WSOC because ESI
ionizes polar, hydrophilic molecules (Gaskell, 1997; Kujawinski, 2002; Sleighter and
Hatcher, 2007) similar to those found to be prevalent in aerosol WSOC. FT-ICR MS also
provides ultrahigh mass resolving powers (>300,000) and mass accuracy (<1 ppm),
enabling the identification of many distinct peaks at a given nominal mass (Marshall et
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al., 1998; Kujawinski et al., 2002; Sleighter and Hatcher, 2007). Initial analyses used a
CIs-extraction step to concentrate WSOC and remove salts that impede clear mass spectra
(Chapter 5). Subsequent analyses employed an electrodialysis (ED) step for removing
salts that proved superior to the Cis-extraction step, because ED retains a greater (and
presumably more representative) proportion the initial WSOC than does Cis-extraction
(Koprivnjak et al., 2006; Vetter et al., 2007; Gurtler et al., 2008; Koprivnjak et al., 2009).
Elemental formulas were assigned to several thousand peaks at mass-to-charge
ratios between 223 and 700 using carbon (C), hydrogen (H), oxygen (0), nitrogen (N),
sulfur (S), and phosphorus (P) as potential elemental constituents (Chapters 5 and 6).
Formulas were grouped by their elemental constituents, with CHO formulas being the
most commonly occurring formula groups in WSOC from both sites during all seasons.
This was followed in decreasing order of importance by CHOS, CHON, CHONS, and Pcontaining formulas (Chapter 6). Principal component analysis revealed that samples did
not group by season or site, suggesting that some other unknown factor( s) determined
differences in the molecular characteristics of WSOC samples.
While ESI FT-ICR MS is a non-quantitative technique due to differences in the
ionization efficiency of different compounds using ESI (Gaskell, 1997; Cech and Enke,
2001 ), formula group contributions can be weighted by the peak magnitudes in each mass
spectra to estimate the relative abundances of each formula group (Sleighter and Hatcher,
2008; Sleighter et al., 2009). By magnitude-weighting peaks, CHOS formulas increased
in relative importance while CHON formulas decreased in importance (Chapter 6). As a
result, it is unclear whether the differences in magnitude-weighted formula group
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contributions are due to ionization efficiencies of formula groups or to actual differences
in abundance.
A large number of CHOS formulas showed relatively high 0/C (up to 1.2) and
H/C (1.5 to 2) elemental ratios indicative of possible contributions from organosulfate
compounds. In fact, several high-magnitude elemental formulas identified here were
consistent with formulas of organosulfate SOA compounds identified in previous studies
(Reemtsma et al., 2006; Surratt et al., 2008; Chapter 6). The apparent high abundance
(38% of all occurring formulas, 49% of peak-magnitude weighted formula contributions)
of CHOS and CHONS formulas identified here, along with recent information estimating
that organosulfur compounds account for 8-50% of carbonaceous aerosols (Lukacs et al.,
2009), highlight the newly recognized importance of these S-rich compounds in aerosol
WSOC. In contrast to the assigned CHOS formulas, CHON formulas showed lower 0/C
(<0.7) and H/C (0.7 to 1.5) ratios, revealing apparent differences in the degree of
saturation of CHOS and CHON compounds in aerosol WSOC (Chapter 6).
Black carbon (BC) was also identified in aerosol WSOC samples in the present
study using the double bond equivalent to carbon (DBE/C) ratio approach (Hockaday et
al., 2006). DBE is a measure of the degree of saturation of a compound based on its
elemental constituents, and a formula with a DBE/C ~ 0.7 is considered to be BC
(Hockaday et al., 2006). In the current study, BC accounted for 4 ± 1% of all identified
formulas and 2 ± 0.3% of peak magnitude-weighted formulas (Chapter 6) providing
evidence that some fraction ofBC is soluble. One potential source of water-soluble BC
is BC resulting from fossil fuel combustion, followed by subsequent oxidation in the
atmosphere (Kamegawa et al., 2002; Park et al., 2005; Zuberi et al., 2005). Radiocarbon
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measurements suggest that fossil fuel-derived TOC accounted for 12-14% of aerosol
WSOC in this study (Chapter 4). Results from the ESI FT-ICR MS analyses suggest that
water-soluble BC resulting from post-emission atmospheric oxidation cannot account for
all of the observed fossil fuel derived WSOC, and other sources such as SOAs formed via
the oxidation of fossil-derived VOCs (e.g., Forstner et al., 1997; Odum et al., 1997; Jang
and Kamens, 2001) must make up some portion of the fossil-derived WSOC.

Synopsis ofMajor Findings
The findings from this dissertation research provide novel information on the
quantification and characterization of aerosol OC on which future studies of the inputs
and fates of aerosol OC within watersheds and aquatic systems may be based. Aerosol
OC is delivered to watersheds of the eastern United States in quantitatively relevant
amounts that must be taken into account in watershed carbon and organic matter budgets.
In addition, human activities may have a profound impact upon both the amounts and
character of aerosol OC deposited to watersheds. In the watersheds studied here, up to a
third of aerosol OC deposition was attributable to fossil fuel-derived sources. This
component represents a roughly 50% post-industrial increase in OC delivered to
watersheds and aquatic systems by atmospheric deposition.
The water-soluble component of aerosol OC (WSOC) was found to contain
significantly more contemporary-aged OC than either bulk aerosol OC or its waterinsoluble component. These differences represent a fundamental partitioning in the
solubility of fossil and contemporary-derived aerosol OC, and its potential postdepositional fate in watersheds and soils. Molecular characterization of WSOC further
revealed it to consist of a highly complex mixture of thousands of compounds, including
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a preponderance of organosulfur compounds not previously established to be important
constituents of aerosol OC. The large depositional fluxes and unique character of bulk
aerosol OC and its water-soluble and insoluble components represents a significant
potential for quantitatively important inputs of previously unassessed allochthonous
materials to coupled terrestrial and aquatic systems. Future studies must therefore strive
to incorporate both the fluxes and biogeochemical significance of aerosol-derived
materials into the carbon and organic matter budgets of watersheds.

Future Directions in Coupled Atmospheric Deposition-Watershed OC Studies
The results from this dissertation provide new information regarding watershedscale depositional fluxes of fossil and contemporary-derived aerosol TOC.
Characterization of aerosol WSOC also provides insights into how rapidly WSOC is
desorbed from aerosols, how much of this material is derived from fossil sources, and the
types and potential sources of compounds dominating the WSOC.. Collectively, this
work provides a basis for future studies of the inputs and fates of aerosol TOC in
watersheds and aquatic systems.
On the basis of the present study, the following areas of future research have been
identified as priorities for furthering our understanding of the as-yet largely
uninvestigated processes related to atmospheric deposition ofOC to the continental U.S.
and North America:
1)

Deposition fluxes of aerosol TOC and WSOC should be estimated for other regions
ofNorth America (as well as other continents) to better quantify the importance of

307

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

fossil and contemporary-derived aerosol OCto other watersheds, in order to
generalize the findings for conceptual and quantitative models.
2)

Model compounds and/or groups of compounds representing aerosol OM (possibly
SOAs) should be targeted for their identification within aquatic systems to evaluate
their relative abundance in natural waters compared to authochthonous and other
forms of allochthonous OM.

3)

A better understanding of how model aerosol WSOC compounds are ionized by
ESI is needed in order to both interpret the relative abundances of formulas
identified by ESI FT-ICR MS and employ this powerful analytical technique as a
semi-quantitative tool.

4)

Radiocarbon and ESI FT-I CR MS analyses of aerosol materials should be
conducted in urban and semi-urban environments in addition to rural sites in order
to assess how proximity to industrial sources affects the characteristics of aerosol
TOC and WSOC deposited to watersheds and coastal systems.

5)

Studies of the impacts of microbial and photochemical degradation and
mineralization on the fate of aerosol WSOC will dramatically improve our
understanding of the fates of this material in watersheds and aquatic systems. By
coupling incubation studies with stable and radiocarbon measurements, the relative
reactivity of fossil and contemporary-aged aerosol WSOC can be established. ESI
FT-ICR MS analyses of pre- and post-incubated aerosol WSOC may provide
further information on the reactivity of various formula groups (e.g., CHO, CHOS,
CHON, CHONS formula groups, BC, and SOAs).
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Figure 7-1. Conceptual diagram showing the sources of organic aerosols to the
atmosphere and their potential fates within watersheds and aquatic systems. Symbols for
diagram courtesy of the Integration and Application Network (jan.umces.edu/symbols),
University of Maryland Center for Environmental Science.
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Figure 7-2. Conceptual diagram of the ranges of contributions from fossil and
contemporary OC sources to aerosol TOC and various OC sub-fractions in aerosols
collected in the eastern United States.
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Appendix 1. Airmass back trajectories for samples collected from the a) Millbrook and
b) Harcum sites for this study. Airmass back trajectories (48-h) were calculated for air
arriving at the site at every 6 hour time point during the sampling period (e.g., For a 24-h
sampling period, 48-h back trajectories are presented for the air arriving at hour 6, hour
12, hour 18, and hour 24). Each trajectory for a given sampling date is denoted by a
different color. The bottom panels in each trajectory mark the height in meters above
ground level of the airmass during its path to the study site. Trajectories were computed
using the NOAA HYbrid Single-Particle Lagrangian Integrated Trajectory Model
(http://www.arl.noaa.gov/ready/hysplit4.html). Draxler, R.R. and Rolph, G.D., 2003.
HYSPLIT (HYbrid Single-Particle Lagrangian Integrated Trajectory) Model access via
NOAA ARL READY Website (http://www.arl.noaa.gov/readylhysplit4.html). NOAA
Air Resources Laboratory, Silver Spring, MD.
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Millbrook (cont.)
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Millbrook (cont.)
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Harcum (cont.)
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Harcum (cont.)
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Harcum (cont.)
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Harcum (cont.)
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Harcum (cont.)
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Harcum (cont.)
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Harcum (cont.)
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Appendix 2. Rainfall, snowfall, and particle washout ratio data used for calculation of
wet deposition fluxes to the Millbrook and Harcum sites.
Spring
(April- June)

Summer
(July-Sept.)

Fall
(Oct.-Dec.)

Winter
(Jan.-March)

Fossil OCa

1.5* 105

1.3* 10 5

3.5*104

1.3* 104

Contemporary

2*10 5

2*105

2*10 5

2*10 5

Rainfall c (em)

27.7

31.6

29.3

24.5

Snow water
equivalent (cm)d

0

0

0

6.8

RainfaW (em)

22.2

42.7

30.8

22.2

Snow water
equivalent (em)

0

0

0

0

Rainfall Wp

ocb

Millbrook

Harcum

a

Fossil OC Wp values are taken as the seasonally averaged WP values calculated for aerosol-

associated PAHs in the lower Chesapeake Bay region (Dickhut and Gustafson 1995).
OC W P value is taken from Mackay et al. (1986) and Jurado et al. (2008).
c Millbrook rainfall data are the mean values for rain measured at the Cary Institute of
Ecosystem Studies Environmental Monitoring Station in Millbrook, NY
(http://www.ecostudies.org/emp purp.html) between 1998 and 2008.
d Snow water equivalent was calculated as the 6% of the mean snowfall height observed at the
Cary Institute of Ecosystem Studies Environmental Monitoring Station in Millbrook, NY
(http://www.ecostudies.org/emp purp.html) between 1992 and 2008. Snow represented 6% by
volume of total precipitation at the site.
e Harcum rainfall data are the mean values for rain measured at the National Atmospheric
Deposition Program (NADP) site (VA98) in Harcum, VA
(http://nadp.sws.uiuc.edu/sites/siteinfo.asp?net=NTN&id=VA98) between 2005 and 2007 for
spring, summer, and winter. For fall the mean values were calculated from rainfall observed
between 2004 and 2007.
b Contemporary
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APPENDIX3
AEROSOL WATER-SOLUBLE NITROGEN IN TWO EASTERN U.S. WATERSHEDS
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INTRODUCTION

Particulate nitrogen (PN) is an important component of aerosols having relevance
to biogeochemical cycling between atmosphere, land, and aquatic systems. Aerosol PN
consists of significant components of inorganic nitrogen species (NH.t+, NOx; e.g., Lefer
and Talbot, 2001; Baumgardner Jr., et al., 2002; Paerl et al., 2002; Russell et al., 2003)
that serve as essential nutrients in both terrestrial and aquatic systems and lesser relative
amounts of organic nitrogen (ON; e.g., Luo et al., 2002; Russell et al., 2003) that may be
utilized by heterotrophic (e.g., Kroer et al., 1994; Seitzinger and Sanders, 1999) and
autotrophic (Bronk et al., 2007) organisms in terrestrial and aquatic systems.
Atmospheric sources of inorganic nitrogen have also been implicated as major inputs of
nutrients to coastal waters and may contribute to eutrophication in these systems (Paerl et
al., 2002).
Some portion of aerosol PN is water-soluble (water soluble total nitrogen,
WSTN). Within the WSTN, the nutrient and organic forms ofN are of particular
biogeochemical interest due to their potential to contribute to various heterotrophic and
autotrophic processes in aquatic systems. Atmospheric deposition of aerosol-derived
nutrients (Fisher and Oppenheimer, 1991; Paerl et al., 2002; Russell et al., 2003) to
watersheds has also been demonstrated to be a potentially significant flux to terrestrial
and aquatic systems. Recent studies have demonstrated that anthropogenic activities
(e.g., fossil fuel combustion, biomass burning, agricultural activities) can deliver
considerable amounts of nutrients (e.g., Vitousek et al., 1997; Aneja et al., 2001; Paerl et
al., 2002; Mace et al., 2003) to watersheds. However, little is known about the rates at
which aerosol-derived N desorbs from aerosols, which is critical for better understanding
333
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the rate at which this material may be transported through watersheds to rivers, estuaries,
and the coastal ocean. Better characterization of the desorption kinetics, quantities
desorbed, and potential sources of aerosol-derived N is therefore critical for assessing its
role in biogeochemical cycles and budgets at the atmosphere-land-water interface.
In the present study, the concentrations and fractional contributions of aerosol
WSTN (fwsTN), NH/ (fNH4+)and NOx (fNox) were measured in two watersheds along the
east coast ofNorth America in order to constrain the contribution of the total aerosol
nitrogenous load partition to the aqueous phase. Aerosol N was further examined for its
aqueous desorption behavior from aerosol particulate phases in order to assess whether
desorption occurs on biogeochemically relevant timescales (e.g., the duration of a
rainstorm).

METHODS

WSTN Determination. In order to estimate the total amounts of WSTN in
aerosols collected at Millbrook, NY and Harcum, VA, triplicate individual stainless steel
cork borer plugs (1.90 em diameter) were taken from the filters and placed in pre-baked
(3 hrs, 525°C) scintillation vials. Low organic carbon (OC) water (10 mL) was added to
the vials which were then capped and stored in the dark at room temperature for 8 hours
and periodically swirled gently to facilitate desorption. The water-soluble extract was
then filtered through a pre-combusted 25-mm GF/F filter (0.7-Jlm nominal pore size). 30
JlL ofhigh purity 10% HCl were added to the filtrate which was then sparged for 3 min.
to remove inorganic carbon for water-soluble organic carbon measurements that were
obtained for the same samples (see Wozniak, Ph.D. dissertation, Chapter 4). WSTN
334
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measurements were made on a Shimadzu TOC/TN-VCSH analyzer using high
temperature (720°C) Pt-catalyzed oxidation coupled to a chemiluminescence detector for
quantification ofNO produced by oxidation of total (organic+ inorganic) sample N.
The mean sample response areas of triplicate sample injections (coefficient of
variation < 1.5%) were calibrated to a standard curve using potassium nitrate as the
standard to obtain micromolar values for WSTN. Contributions from the WSTN in core
plugs of filter blanks were measured with each analytical run, and the mean of triplicate
WSTN concentration was subtracted from sample concentrations measured on the same
run.

Inorganic Nitrogen (NH4+, NOx) Measurements. Dissolved inorganic nitrogen
(DIN) is defined as the sum of dissolved nitrate (NOn, nitrite (NOz-) and ammonium
concentrations present. N03- + NOz- were analyzed colorimetrically by the cadmium
reduction method (Grasshoff et al., 1999) and on a SanSun Plus II autoanalyzer.
Ammonium (NH4+) was also measured colorimetrically by autoanalyzer using the
modified Berthelot phenate method (Grasshoff et al., 1999).

Aerosol-Derived WSTN Desorption Kinetics. A series of experiments was
performed to investigate the rates of desorption of aerosol WSTN from aerosols. Fifteen
core plugs from a given QMA sample filter were placed in each ofthree pre-baked (4 h,
525°C), 500 mL borosilicate brown bottles. 200 mL oflow organic matter water were
added to each bottle, and the aerosol filter core plugs were allowed to desorb WSTN for a
defined period of time. A 10 mL sample of the low-OC water was used as the t = 0 time
point, and 10 mL sub-samples were taken from each bottle thereafter at t = 15, 30, 60,
120, 240, and 480 minutes. Each sub-sample was filtered immediately through a pre335
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combusted 25-mm GF/F filter (0.7-!lm nominal pore size). 30 f.lL of 10% HCl were
added to the filtrate, and filtrates were sparged for 3 min. to remove inorganic carbon and
then measured for WSTN on a Shimadzu model TOC/TN-VCSH as described above.

Statistical Analysis. Student's t-tests were employed to test for differences in the
overall mean fwsTN (fwsTN = WSTN/PN) values between the two sites. For WSTN
kinetics experiments, the time series of fwsTN values for each experiment were plotted
using Sigma Plot, and the data were fit to one of two exponential models describing the
desorption of WSTN from aerosols. The first model describes one rapidly desorbing pool
of WSTN and is parameterized as:
(Eqn. 1)
where a represents the saturation value for fwsTN, and b = kAN where k is the mass
transfer coefficient (em min- 1), A is the area (cm2) of exposed filter added to each bottle,
and V is the volume (cm3) of low carbon water added to each bottle. The value t
represents the amount of time that the sample was exposed to water.
The second model of WSTN desorption describes aerosols characterized by one
rapidly desorbing pool of WSTN and one slowly desorbing pool and is parameterized as:
(Eqn. 2)
where a and b represent the same parameterizations as described for the rapidly desorbing
WSTN pool in Eqn. 1, c represents the saturation value for fwsTN of the slowly desorbing
pool d =kAN where k is the mass transfer coefficient for the slowly desorbing WSOC or
WSTN pool, and A and V are the area of exposed filter added to each bottle and the
336
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volume of low carbon water added to each bottle, respectively. For both model fits, the b
and d parameters were constrained such that only values between 0 and 1 were accepted
in order to eliminate unrealistic non-linear solutions.

RESULTS

Aerosol/wsTN,/NH4, and/Nox. Aerosol fwsTN values ranged from 0.170 in May
2007 at Millbrook to 1.11 in February 2007 at Harcum. No significant differences
(Student's t-test, p>0.05) were found in mean fwsTN values between the two sites, with
Millbrook and Harcum fwsTN averaging 0.436 ± 0.082 (n=11) and 0.426 ± 0.085 (n=IO;
Figure A3-1 ), respectively. Nutrient analyses revealed NRt +to be a major constituent of
aerosol particulate nitrogen (PN) with aerosol NH4+fractional (fNH4+ = NRt+lPN) values
ranging from 0.303 to 1.20 (Figure A3-2) at Millbrook and 0.350 to 1.03 (Figure A3-2) at
Harcum. Mean fNH 4+ values at Millbrook (mean fNH4+ = 0.670 ± 0.114, n=8; Figure A32) were not significantly different (Student's t-test, p>0.05) than those at Harcum (mean
fNH4+ = 0. 731 ± 0.141, n=4; Figure A3-2). There were no significant differences in fNox
(fNox = NOx/PN) between the two sites (Student's t-test, p>0.05; Millbrook mean fNox =
0.086 ± 0.010, n=8; Harcum mean fNox = 0.166 ± 0.041, n=4; Figure A3-2).
The fwsTN and fNH 4+ values exceeding 1 indicate possible analytical errors in
either the PN or WSTN measurements since WSTN is a sub-component ofPN, and by
definition, fwsTN must be smaller than 1. Additionally, for samples in which both NH4+
(Millbrook mean fNH 4+ = 0.670 ± 0.114, n=8; Harcum mean fNH4+ = 0. 731 ± 0.141, n=4;
Figure A3-2) and WSTN (Millbrook mean fwsTN = 0.302 ± 0.055, n=8; Harcum mean
fwsTN = 0.253 ± 0.035, n=4; Figure A3-2) were measured, fNH4+ values were significantly
higher than fwsTN (Paired Student's t-tests, p<0.05, Millbrook n=8, Harcum n=4) at both
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sites. WSTN is composed ofN~ +, N0 3-, N0 2-, and water-soluble organic N (WSON),
and fwsrN must therefore, by definition, be greater than or equal to fNH4+·

WSTN Desorption Kinetics. For aerosol WSTN experiments, an average of 89%
of the WSTN desorbing over the course of the 8 hour extraction desorbed within the first
15 minutes (Figure A3-3). All five samples analyzed for WSTN desorption kinetics were
described by Eqn. 1 (see Methods) for a single homogeneous pool ofWSTN (Figure A32
3). Model fits for all samples had R values >0.998 (p<0.05). Aerosol fwsTNsat values

ranged from 0.361 to 1.26, averaged 0.860 ± 0.149 (n=5; Figure A3-3). Mass transfer
coefficients for aerosol WSTN ranged from 0.516 to 0.981 em min- 1 averaging 0. 780 ±
0.096 em min- 1 (n=5).

DISCUSSION

AerosolfwsTN. Mean fNH4+ values at both sites were higher than fwsTN values
calculated for the same samples in this study suggesting analytical problems with either
consistently low WSTN measurements resulting from Shimadzu TOC/TN-V analyses,
and/or consistently high NH4+ values measured by the colorimetric autoanalyzer method ..
As a result, no reliable quantitative information can be taken from the values presented
herein. Nonetheless, qualitative information may be gleaned from these data. At both
sites values for fNH4+ (Millbrook mean fNH4+ = 0.670 ± 0.114, n=8; Harcum mean fNH4+ =
0. 731 ± 0.141, n=4; Figure A3-2a) were consistently higher (Paired t-test, p<0.05) than
those for fNox (Millbrook mean fNox = 0.086 ± 0.01 0, n=8; Harcum mean fNox = 0.166 ±
0.041, n=4; Figure A3-2b). This suggests that NH/ is the dominant form of inorganic
nitrogen in aerosols as has been found for previous aerosol studies conducted on the east
338
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coast ofNorth America (Jordan et al., 2000; Lefer and Talbot, 2001; Baumgardner Jr.,
2002; Russell et al., 2003). Sources of aerosol NH4 +include agricultural activities such
as animal husbandry and fertilizer applications (e.g., Aneja et al., 2001; Paerl et al., 2002;
Holland et al., 2005), while fossil fuel combustion is generally credited as the major
source of aerosol NOx (e.g., Fisher and Oppenheimer, 1991; Aneja et al., 2001; Paerl et
al., 2002; Holland et al., 2005). Despite the apparent analytical problems with the WSTN
and/or inorganic nitrogen measurements, the high fNH 4+ values (Millbrook mean fNH4+ =
0.670 ± 0.114, n=8; Harcum mean fNH4+ = 0. 731 ± 0.141, n=4; Figure A3-2a) suggest that
inorganic nitrogen, and NH4+ in particular, is the predominant constituent of WSTN at
Harcum and Millbrook for the study period and that WSTN at both sites is dominated by
inputs from agricultural activities.
As a result of the apparent analytical problems for the nitrogen analyses, watersoluble organic nitrogen (WSON) values were often negative and are therefore not
reported here. However, in studies characterizing the molecular composition of aerosols,
WSON compounds were detected in aerosols at the Harcum and Millbrook sites during
the study period (Wozniak et al., 2008; Wozniak dissertation, Chapter 6). TheN content
of the identified elemental formulas in these characterization studies was minor with
respect to carbon (Wozniak et al., 2008; Wozniak dissertation, Chapter 6), suggesting that
while WSON may be a minor constituent of WSTN at Harcum and Millbrook, it is
nonetheless present in measureable amounts throughout the year at these sites. Previous
studies of aerosol (Russell et al., 2003) and total (precipitation, gaseous, and particulate
nitrogen; Luo et al., 2002) atmospheric N collected along the east coast ofNorth America
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have similarly found WSON to be present in small quantities relative to inorganic
nitrogen species.

Desorption Kinetics of WSTN. Previous studies have examined the desorption
kinetics of water-soluble organic carbon from wetland soils and river sediments (Tao, et
al., 2000), but to our knowledge there have been no previous similar studies of WSOC
desorption kinetics from aerosol particles. The desorption kinetics of all WSTN samples
from the present study were explained by a first-order linear differential equation
describing the rapid initial release of WSTN from aerosols into the aqueous phase
reaching equilibrium saturation values (fwsTNsat; Figure A3-3).
Regardless of which kinetic model was used, Figures A3-3 demonstrate that
aerosol WSTN desorbs very rapidly with the majority ofthe WSTN

(~89%,

Figure A3-3)

being desorbed within the first ~ 15 minutes of exposure to water. This finding suggests,
for example, that during the course of a precipitation event lasting longer than fifteen
minutes, >85% of previously dry deposited aerosol WSTN will desorb into the dissolved
nitrogen pool allowing it to be transported with rainwater through a watershed to aquatic
systems.
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Figure A3-l. Aerosol fwsTN (= WSTN/PN) for samples collected in (a) Harcum, VA and
(b) Millbrook, NY in 2006-2007. Dashed lines represent overall mean aerosol fwsTN
calculated for all samples at a given site (Harcum: n = 10; Millbrook: n = 11). See text
for details regarding how samples were differentiated by season. Error bars represent
standard errors for repeated WSTN measurements on the same sample. No samples from
the Harcum site were measured more than once. 'nd' denotes time periods when no data
for aerosol WSTN was obtained for a given site.
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Figure A3-2. Aerosol a) ammonium (fNH4+) and b) nitrate+nitrite (fNox) values for
samples collected in 2006-2007 at Harcum, VA (red bars) and Millbrook, NY (blue bars).
Dashed lines represent mean values for all samples (n=12). See text for details regarding
how samples were differentiated by season. Error bars represent propagated standard
errors of triplicate analyses. 'nd' denotes time periods when no data for aerosol WSTN
was obtained for a given site.
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Figure A3-3. Aerosol fwsTN desorbed versus time immersed in water for samples
collected in Harcum, VA and Millbrook, NY in 2006-07. Trendlines are best curve fits
for models describing WSTN desorption following a first-order kinetics model with one
rapidly desorbing pool ofWSTN. Error bars represent propagated standard errors for
triplicate analyses.
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